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Abstract

In response to sodium butyrate and trichostatin A treatment in erythroid cells, p38 mitogen
activated protein kinase (MAPK) mediates fetal hemoglobin induction by activating cAMP
response element binding protein 1 (CREB1). To expand on this observation, we completed
studies to determine the role of p38 MAPK in steady-state y-globin regulation. We propose that
p38 signaling regulates G-y-globin transcription during erythroid maturation through its
downstream effector CREB1 which binds the G-yglobin cAMP response element (G-CRE). We
demonstrated that a loss of p38 or CREBL1 function by siRNA knockdown resulted in target gene
silencing. Moreover, gain of p38 or CREBL1 function augments -y-globin transcription. These
regulatory effects were conserved under physiological conditions tested in primary erythroid cells.
When the G-CRE was mutated in a stable chromatin environment G-y-globin promoter activity
was nearly abolished. Furthermore, introduction of mutations in the G-CRE abolished Gy-globin
activation via p38 MAPK/CREBL1 signaling. Chromatin immunoprecipitation assays (ChIP)
demonstrated that CREBL1 and its binding partner CREB binding protein (CBP) co-localize at the
G-CRE region. These data support the role of p38 MAPK/CREBL1 signaling in G-y-globin gene
transcription under steady-state conditions.
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INTRODUCTION

A family of Ser/Thr kinases called the MAPKSs has members including p38, ERK and cJun
amino terminal kinase (JNK) [1; 2]. Although initially identified as a protein kinase
activated by stress, p38 MAPK signaling coordinates cellular responses during
erythropoiesis [3]. For instance, p38 MAPK is essential for the synthesis of hemoglobin [4]
and p38a mice exhibit severe anemia and die /7 utero owing to defects in angiogenesis,
and placental insufficiency [5]. Furthermore, the proliferation and differentiation of
erythroid progenitors is controlled by erythropoietin (Epo) through the p38 MAPK and JNK
signaling cascades [6]; finally, p38 is required for Epo mRNA stability [7].
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In general, p38 MAPK augments gene transcription by the phosphorylation of CREB1 and
ATF-2 [8]. CREBL is a 43kDa protein which belongs to the bZIP superfamily of
transcription factors. It is highly conserved through evolution and is ubiquitously expressed.
When phosphorylated at Ser 133, CREB1 binds as a homo-dimer to the CRE to mediate
transcriptional activation [9]. CREBL is essential for the transcription of hematopoietic
genes and critical for the development of the myeloid lineage [10]. It has been previously
demonstrated that histone deacetylase inhibitors induce y-globin expression by p38 MAPK
activation [11; 12]. Treatment with butyrate and trichostatin A induces p38, CREB1 and
ATF-2 phosphorylation [13]. We expanded upon these findings to determine the role of p38-
mediated CREB1 activation in steady-state Gy-globin regulation in normal erythroid
progenitors.

In order to mediate trans-activation, CREB1 recruits CBP which forms complexes with
other co-activators like PCAF and PCIP [14]. CBP/p300 acts as a bridge by recruiting the
basal transcriptional machinery to the promoter resulting in transcriptional activation by
CREBL1 [15]. The CREBLI interaction domain of CBP is essential for hematopoiesis since
mutations in this region severely affect erythropoiesis [16]. CBP is also crucial for
erythropoiesis since it stimulates transcription factors such as cMyb, GATA1, NF-E2 and
EKLF by direct physical interactions [17; 18; 19; 20]. It has been proposed that an NF-E2,
GATA1 and EKLF complex linked by CBP is formed to activate hemoglobin synthesis [21].

These studies formed the basis of our study to investigate the role of p38/CREB signaling in
Gryglobin regulation. Silencing p38 MAPK or CREBL1 using siRNA knockdown had a
deleterious effect on -y-globin transcription at steady-state. On the contrary, direct activation
of p38 MAPK and CREBL1 enforced expression augmented -y-globin synthesis. These effects
were confirmed in primary erythroid progenitors. Site-directed mutagenesis of the G-CRE
resulted in reduced Gy-globin promoter activity and the abolishment of p38MAPK/CREB1
mediated Gy-globin transcription. ChIP assays demonstrated CREB1 and CBP co-localize
to the G-CRE /n vivo. These data confirm a crucial role for p38 MAPK/CREBL1 signaling in
v-globin gene regulation.

EXPERIMENTAL PROCEDURES

Tissue culture

K562 erythroleukemia cells were maintained in Iscove's Modified Dulbecco's Medium
(IMDM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS;
Atlanta Biologicals, Atlanta GA); cell viability was measured using 0.4% trypan blue stain.

siRNA mediated gene silencing

Cells were transfected with SMARTpool p38 MAPK siRNA (M-003555-04, Dharmacon)
using Oligofectamine™ (Invitrogen) per the manufacturer's instructions. 50,000 cells were
suspended in Opti-MEM 1 in 24-well plates in an siRNA-oligofectamine mix. Subsequently,
IMDM with 30% FBS was added and cells were incubated for 48 hrs. CREB1 siRNA
(siCREB1; M-003619-01, Dharmacon) treatment was completed using the same system.
Control reactions included siGenome Non-Targeting siRNA (scrambled; D-001210-01-05,
100nM) or oligofectamine without sSiRNA molecules (mock).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated using RNA Stat-60™ (TEL-TEST “B” Inc., Friendswood, TX) and
used for RT-gPCR analysis as previously published [13]. Briefly, cDNA was generated from
total RNA (1j.9) using the Improm-I1 reverse transcriptase system and oligo (dT) primers
(Promega, Madison, WI). gPCR was performed on an iCycler (Bio-Rad, Hercules, CA)
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using the Sybergreen iQ Supermix (Bio-Rad) and 10p.M of gene-specific primers (Table 1).
Standard curves for different genes were generated using 500 to 0.5 ng of genomic DNA or
Topo7 plasmids carrying the cDNA sequences for y-globin, GAPD and B-globin. For p38
MAPK and CREBL gene profiling, standard curves were generated with genomic DNA and
p38 MAPK (PPHO00715B, SABiosciences, Frederick, MD) or CREB1 primers (Table 1). All
mRNA levels were normalized to GAPD or actin.

Western blot (WB) analysis

Cells were mixed with lysis buffer (Promega) to isolate total protein (150pg) which was
separated by a 10% sodium dodecyl sulfate polyacrylamide gel. Antibodies targeting
phosporylated-p38 (p-p38) and total p38 MAPK (t-p38) (12F8 and 9212, Cell Signaling)
were used for WB. Anti-hemagglutinin (HA) antibody (2362, Cell Signaling) was used to
quantify MKK3 and MKKG® protein. Rabbit anti-CREB1 antibody (48H2, Cell Signaling)
was used to quantify CREBL1 levels and the loading control actin (MAB1501, Chemicon
Millipore, Billerica, MA). Secondary antibodies horseradish peroxidase-conjugated anti-
rabbit (sc2004, Santa Cruz Biotechnology, Santa Cruz, CA) and anti-mouse (31430, Pierce
Biotechnology, Rockford, IL) were used to visualize proteins in the ECL system
(Amersham, Piscataway NJ); band intensities were measured on the ChemiDoc System
(BioRad).

MKK3/MKK6 and CREB1 K562 stable cell lines

The pcDNA-MKKG6h(E) constitutively active plasmid was established in a pcDNA3 vector
from wild-type MKK®6 by mutating Serogg/Throq, to Gluypg/Glusg, and the HA epitope was
added [22]. Likewise, pcDNA-MKK3b(E) was produced from wild-type MKK3 by
mutating Ser1gg/Thrigs to Glu1ge/Gluygs [23]. Previously, these vectors along with
pcDNA3, pCMV and pCMV-CREBL vectors were used to establish stable cell lines [12;
24]. Subsequently, single cell clones were isolated by serial dilutions and selected using the
G418 selectable marker.

Fluorescent immunocytochemistry

Cytospin cell preparations were fixed with 4% paraformaldehyde and then permeabilized
with 0.3% Triton-X-100. Immunostaining was performed overnight with anti-HbF
fluorescein isothiocyanate (FITC) conjugated antibody (Bethyl Laboratories Inc., TX). Cell
nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI; Santa Cruz Biotechnology)
and visualized with an Olympus BX 51 epifluorescent microscope (Olympus America Inc,
Center Valley, PA). Images were acquired with a Nikon DXM 1200F CCD camera (Nikon
Instruments, Inc. Melville, NY). Images were acquired at 400x magnification and imported
into NISelements software (Nikon Instruments).

Enzyme-linked immunoassay (ELISA)

Protein extracts (200ng) were used to quantify total (t-Hb) and fetal hemoglobin (HbF)
levels using the human Hemoglobin and Hemoglobin F ELISA Quantitation kits
respectively (Bethyl Laboratory). Briefly, 96-well plates were coated with sheep anti-human
HbF antibody, or goat total anti-human Hb antibody, blocked with 1% bovine serum
albumin and treated with horse radish peroxidase-conjugated secondary antibody;
hemoglobin level were detected at 450nm. Raw data were analyzed using PRISM GraphPad
(GraphPad Software, Inc., La Jolla, CA) and HbF levels were calculated as a ratio of t-
hemoglobin corrected for total protein concentrations.

Blood Cells Mol Dis. Author manuscript; available in PMC 2013 June 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramakrishnan and Pace Page 4

siRNA rescue experiment

For combined siRNA gene knockdown and rescue experiments, K562 cells were
simultaneously transfected with siCREB1 and pCMV-CREB1 or pMT3-HDAC10
expression vectors; the respective empty vector controls were also tested. Transfections
were performed using a K562-Nucleofector kit intended for use with a Nucleofector device
(Amaxa Inc., Gaithersburg, MD) per the manufacturer's instructions. Cells were
electroporated using the T-016 Amaxa program, incubated for 48hrs and then RNA was
isolated for RT-qPCR analysis.

Primary erythroid cells

Human buffy coats were purchased from Carter Blood Care (Fort Worth, TX) and
mononuclear cells were isolated using Histopaque-1077 (Sigma) and liquid cultures
established using the Fibach method [25]. During phase 1 (day 0), erythroid progenitors
were cultured in Minimum Essential Medium-Alpha (MEM-a) supplemented with 10%
FBS and 50ng/mL each of granulocyte monocyte colony stimulating factor, interleukin-3,
interleukin-6 and stem cell factor. At phase two (day 7), cells were switched to Epo (4U/mL)
and stem cell factor.

Progenitors were transfected using the CD34" Nucleofector kit (Amaxa); briefly, 3 mil cells
were isolated on day 11 and resuspended in 1001 of Nucleofector solution with sSiRNA
targeting p38 or siCREB1; 2j.g of the control pMaxGFP reporter was added to all reactions
to monitor transfection efficiency. The cells were electroporated on the U-008 setting and
then grown for 72hrs. Similar experimental settings were used for pPCMV or pPCMV-CREB1
expression vector studies.

Luciferase K562 stable cell lines

The G+y-globin promoter (-1500 to +36) was cloned into the pGL4.17 Luc2/neo vector to
produce the wild-type pG-yLuc2 construct. Three mutant plasmids including pGyLuc2(m1)
with a -1225 G—A mutation, pGyLuc2(m2) with a -1227 AC—TG mutation and
pG-yLuc2(m3s) containing a scrambled G-CRE, were produced by site-directed mutagenesis
(Bio S&T, Montreal, Canada). K562 cells (10x10°) were transfected with 10g of plasmid
by electroporation at 270V, 975uF (Gene pulser, Bio-Rad). The cells were cultured in
IMDM and 10% FBS for 48hrs, followed by the addition of G418 (400g/mL). For drug
inductions, 2 mil cells were treated for 48hrs with 2mM sodium butyrate or 0.5uM
trichostatin A. Drug inducers and antibiotics were purchased from Sigma. For enforced
expression studies pPCMV or pCMV-CREB1 (20-50.g) were transfected into K562 stable
cells and luciferase assay was performed after 24hrs using the luciferase assay kit (Promega)
and a TD-20/20 luminometer (Turner Biosystems, San Diego, CA).

The plasmid copy number was measured in the stable lines using a qPCR based method as
previously published [24; 26]. The primers used to determine G-y-globin gene copy number
are shown in Table 1. The relative copy number (Q) of target gene (G-y-globin) was
calculated as previously published [26].

Transient Transfection of Ay-globin reporter constructs

The A+y-globin promoter (-1500 to +36) was cloned into the pGL4.17Luc2/neo vector to
produce the pAyLuc2 construct. The G-CRE “TGACGTCA” sequence was introduced into
the -1222 position of pA-yLuc2 by site-directed mutagenesis (Bio S&T) to produce the
hybrid vector pA/GyLuc2. All constructs were verified by direct sequencing. The pGyLuc2,
pAvyLuc2, and pA/GyLuc2 constructs (10pg) were transfected into K562 cells. Total
protein was isolated at 24hrs and luciferase activity was measured; all results were
normalized by total protein.
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ChlIP assay and sequential ChIP

ChIP assays were performed in the KGyLuc2 stable cells as previously described [26] using
the Upstate (Lake Placid, NY) protocol. DNA was sonicated using a Sonicator S-4000
(Misonix, Farmingdale, NY) to generate 500-600bp DNA fragments; input DNA was used
to generate standard curves for g°PCR. ChIP reactions were performed using phosphorylated
CREBL1 (pCREB1) or CBP antibodies (sc7879, sc369, Santa Cruz Biotechnology).
Acetylated histone H3 (ac-H3, 07-081, Upstate), IgG (Sigma) and no antibody reactions
were set up as controls. DNA-protein complexes were eluted and cross links were reversed
by heating samples at 65°C. The precipitated chromatin was analyzed by qPCR.

For enforced expression ChIP assays, K562 cells were transfected with 120.g of pPCMV-
CREBL1 or pRC/RSV-CBP. After 48hrs, cells were harvested and ChlP assay performed as
described above. For sequential ChlP, the first immunoprecipitation reaction was carried out
as described above then the DNA-protein complexes were eluted and treated with 0.1M
DTT. Then the second IP was performed for 24hrs with a second antibody. For each IP IgG
and ac-H3 were used as controls.

Statistical analysis

The data are reported as the mean + standard error of the mean (SEM) from at least three
data points generated from independent experiments. Data were analyzed by a two-tailed
student's t test and values of p<0.05 were considered statistically significant. Statistical
analyses were performed using Microsoft Excel (Redmond, WA).

RESULTS

Steady-state y-globin expression involves p38 MAPK signaling

To elucidate cellular mechanisms mediating -y-globin gene regulation, dose-dependent p38
silencing [50 to 200nM] was performed for 48hrs. We observed significant 95% p38
silencing at the 200nM concentration (Fig. 1A). WB analysis confirmed a 43% decrease in
p38 MAPK protein. These conditions produced a dose-dependent 81% decrease in Gy-
globin gene transcription compared to 47% silencing of the Ay-globin gene (Fig. 1B).

To determine the direct effect of constitutively active p38 MAPK on -y-globin regulation,
two K562 cell lines, KMKK3 and kMKK®6, were established with the expression vectors
pcDNA-MKK3b(E) and pcDNA-MKKG6b(E). MKK3 is capable of activating p38a, p386
and p38y while MKK®6 preferentially activates p38p [27; 28]. K562 cell lines expressing the
empty vector pcDNAS3 (PC) were used as a control. Three stable lines were established from
individual clones and enforced expression of MKK3 and MKK6 was confirmed by WB
using anti-HA antibody (Fig 1C). Interestingly, WB analysis of p-p38 revealed 70%
activation in the kMKKG®6 clones, while no effect was observed in the PC or kMKK3 clones
(Fig 1C). This lack of p-p38 accumulation may be attributed to the differential activation of
p38 isoforms. While MKKS3 preferentially activates p38a, p386 and p38y, MKKG activates
all p38 isoforms. RT-gPCR analysis demonstrated a 3-fold (p<0.01) increase in -y-globin
mRNA in the KMKKG® clones (Fig 1D). This effect was further confirmed by direct
quantification of HbF by ELISA where a 2-fold induction of HbF was observed in KMKK6
clones (Fig 1E). Cytospin preparations demonstrated a 2.3-fold increase in HbF positive
cells in kMKKG®6 clones compared to the PC clones (Fig 1F). These data demonstrate a role
for p38 MAPK signaling in y-globin expression at steady-state in K562 cells.

CREB1 trans-activates y-globin gene expression

After induction with butyrate and trichostatin A, the p38 MAPK signaling cascade activates
CREB1 and ATF-2 to induce HbF [13]. To gain further insight we completed experiments to
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examine whether CREB1 plays a direct role in -y-globin regulation independent of drug
induction. Dose-dependent silencing experiments were performed using siCREB1 molecules
[25 to 100nM] for 48hrs which produced a 53% decrease in CREBL1 protein (Fig 2A). When
the effect on -yglobin transcription was analyzed, we observed a 68% loss of transcription
(Fig 2B). To support these observations transient enforced expression of CREB1 (5ug and
15u.g) was performed which produced a dose-dependent activation of y-globin (2 to 3.5-
fold) (Fig 2C).

To confirm that gene silencing was not due to non-specific effects, rescue experiments were
performed. K562 cells were transfected with siCREB alone or combined with pCMV-
CREBL. The 65% silencing of -y-globin transcription observed with 100nM of siCREB1
was reversed by pCMV-CREBL1 producing a 1.5-fold trans-activation of y-globin (Fig 2D);
on the contrary, pMT3-HDAC10 was not able to rescue y-globin expression. Enforced
expression of CREB1 and HDAC10 was confirmed by RT-gPCR analysis of the target
genes (data not shown).

To test whether y-globin gene expression could be stimulated directly by CREB1, cell lines
that stably express this protein were established with the pPCMV and pCMV-CREB1
expression vectors; subsequently three individual clones were isolated. We observed 8- to
17-fold increase in CREBL gene expression (Fig 2E) and a corresponding increase in
CREBL protein was observed by WB. In the clones, 4-fold -y-globin activation was
produced (Fig. 2F) and this effect was corroborated by a 2-fold induction of HbF measured
by ELISA (Fig. 2G) and a 3-fold increase in HbF positive cells measured by
immunostaining (Fig 2H).

y-Globin expression during normal erythroid maturation requires activated p38 MAPK

To confirm the physiological relevance of p38 signaling in -y-globin regulation, human
erythroid progenitors derived from peripheral blood mononuclear cells were used. In the
first set of experiments, siRNA silencing of p38 MAPK [200 and 300nM] was performed for
72hrs at day 11 of culture. Transfection efficiency monitored by pMaxGFP remained greater
than 35% for all replicates (data not shown). After siRNA treatment, p38 MAPK protein
levels decreased 40% (Fig 3A). When compared with the scrambled siRNA control, p38
MAPK silencing repressed y-globin transcription 38% without a significant effect on -
globin expression producing an overall 60% decrease in the y/p ratio (Fig 3B). Similarly,
siCREB1 [100nM and 200nM] treatment caused 40-60% target gene silencing and a 54%
decrease in CREBL1 protein (Fig 3C). Specifically, y-globin transcription was repressed 59%
which produced a 64% decrease in the v/ ratio after SiCREB1 treatment (Fig 3D).

Complementary enforced expression studies performed at day 11 with pPCMV-CREB1
showed highly significant CREB1 activation and protein synthesis (Fig 4A). Transfection
efficiency monitored by pMaxGFP remained greater than 40% for all replicates (data not
shown). RT-qPCR demonstrated 4-fold y-globin trans-activation (Fig 4B), establishing the
ability of CREBL to enhance y-globin gene expression in a physiological environment.
These data were validated by immunostaining cells for HbF using anti-y-FITC antibody
(Fig 4C). A 20% increase in HbF positive cells was observed in CREB1 transfected
progenitors (Fig 4D) which translated into a 2-fold increase in HbF (Fig 4E).

The G-CRE is required for Gy-globin promoter activation

The combined K562 and primary erythroid cells data demonstrate that p38 MAPK and
CREBL are required for y-globin gene transcription at steady-state. Our next experiments
were designed to explore mechanisms by which CREBL activates -yglobin expression. A
target binding site for CREB1 was identified in the G-y-globin promoter called the G-CRE
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which is a palindromic sequence (5’-TGACGTCA-3’) located between -1222 and -1229
relative to the cap site. We wanted to study the role of the G-CRE in a native chromatin
context. For this purpose, the G-y-globin promoter (-1500 to +36) was cloned upstream of a
luciferase reporter in the pGL4.17luc2/neo vector to create the wild-type pG-yLuc2
construct. Three mutant constructs including pGyLuc2(m1), pGyLuc2(m2), and
pG-yLuc2(m3s) were created using site-directed mutagenesis (Fig. 5A); five K562 stable cell
lines were established.

The first set of studies was performed to evaluate the effect of the different G-CRE
mutations on steady-state promoter transcription. The luciferase activity of the KGyLuc2
line was 1500-fold higher than the empty vector control (Fig 5B), demonstrating that the
promoter was intact and functional. Interestingly, all three mutant lines showed greater than
90% loss of luciferase activity indicating that the G-CRE is required, and any loss of
sequence integrity is deleterious to promoter activity. To establish that the Gy-globin
promoter inserted in the stable lines responds in the same manner as the endogenous yglobin
promoter, drug induction studies were completed. Treatment with sodium butyrate for 48hrs
resulted in a significant 3-fold induction of luciferase activity in the KGyLuc2 line (Fig 5C);
a lower fold induction was observed in the mutant lines. The ability of sodium butyrate to
induce y-globin even with mutations in the G-CRE might be attributed to the previously
demonstrated butyrate response elements at other positions on the -y-globin promoter [29;
30], which mediate induction independent of the G-CRE. Similar studies were performed
with trichostatin A; while the wild type KGyLuc2 line was induced 2-fold, this effect was
lost in the three mutants (Fig 5C) suggesting trichostatin A mainly targets the GCRE.

To determine if the G-CRE is required for Gy-globin activation via p38 MAPK signaling,
we performed siRNA silencing of p38 MAPK and CREBL in the luciferase stable lines. p38
MAPK siRNA treatments in the KG-yLuc?2 line, produced a 35% (p<0.05) loss of luciferase
activity (Fig 5D) whereas in the mutant lines no change was produced (data not shown).
Similarly, the KGyLuc2 line showed a 30-45% loss of luciferase activity with SICREB1
treatment (Fig 5E), an effect lost in the mutant lines (data not shown). Enforced expression
of CREB1 in KGyLuc2 mediated a dose-dependent 3-fold increase in luciferase activity
(Fig 5F). These data demonstrate that an intact G-CRE is essential for the regulation of G-
globin activity though the p38 MAPK/CREBL1 signaling cascade.

The G-CRE mediates Ay-globin activation by CREB1

We next examined the ability the CRE to activate the Ay-globin promoter which does not
carry a CRE element, through CREBL1 trans-activation. We cloned the A-y-globin promoter
(-1500 to +36) in the pGL4.17luc2/neo vector to create the pAyLuc2 construct. Site-directed
mutagenesis was performed to introduce a CRE between -1222 and -1229 (Fig 6A).
Transient transfections of K562 cells were performed using 10.g of the pGyLuc2,
pAvyLuc2 and pA/GyLuc2 constructs. The pAyLuc2 and pA/GyLuc2 constructs displayed
25% lower luciferase activity than the pG-yLuc2 construct (Fig 6B). This suggested the G-
CRE was not detrimental to Ay-globin promoter activity; however, we did not observe
greater promoter transcription for the hybrid promoter at steady-state.

We next tested the ability of CREBL to trans-activate the pA/GyLuc2 construct. As
anticipated, CREB1 induced luciferase activity 2.3-fold for the control pGyLuc2 construct
(Fig 6C). By contrast, pAyLuc2 was not activated by CREB1 while the hybrid promoter,
pA/GyLuc2 construct was trans-activated 2-fold (p<0.01) comparable to the control
reporter. These data support the ability of the G-CRE to confer CREB1 inducibility to the
Avy-globin promoter.

Blood Cells Mol Dis. Author manuscript; available in PMC 2013 June 28.
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CREB1 and CBP co-localize to the G-CRE region

Our data suggests the importance of the G-CRE to enable CREB1 trans-activation of y-
globin. We know that CREB1 binds to its target CRE as a dimer and when phosphorylated,
co-activators such as CBP and p300 are recruited to the promoter [31] to regulate
transcription. To elucidate mechanisms by which CREBL interacts with the G-CRE /n vivo,
we performed ChiP assays in the KGyLuc2 stable line to determine whether pCREB1 and
CBP are capable of binding to the G-CRE region. A unique primer was designed for gPCR
to distinguish chromatin enrichment in the G-CRE region of the pGyLuc2 stably integrated
construct from the endogenous G-CRE region (Table 1). The proximal region of the y-
globin promoter was also analyzed to evaluate a second unrelated region by ChIP assay and
ac-H3 and IgG were used as controls.

Initially studies confirmed that CREB1 and CBP bind under steady-state conditions.
Analysis of the pGyLuc2 G-CRE regions showed 2.6-fold and 6.0-fold chromatin
enrichment with CREB1 and CBP respectively compared to 1gG (Fig. 7A); PCR products
generated using input DNA and chromatin from the different immunoprecipitation reactions
was analyzed by gel electrophoresis as well. Similar studies for the endogenous G-CRE are
shown in Fig. 7B. Comparable 2.6-fold pCREB1 and 8.5-fold CBP mediated chromatin
enrichment was observed. Control studies at the proximal -y-globin promoter demonstrated
no pCREBL1 binding while 3-fold CBP and 26-fold ac-H3 chromatin enrichments were
observed (Fig. 7C). All subsequent ChIP assays were analyzed using only the endogenous
G-CRE since both regions were bound by CREB1 and CBP /n vivo.

To gain additional evidence for CREBL1 binding /n vivo ChIP assays were performed
following enforced gene expression. pCREBL1 binding was enriched 5.6-fold after enforced
expression compared to 2.6-fold chromatin enrichment at baseline (Fig. 7B). Interestingly,
CBP enforced expression increased CREB1 binding to 3.8-fold but this was not statistically
significant. Similarly, CBP enforced expression produced 15.2-fold chromatin enrichment
compared to 10.6-fold baseline enrichment (Fig. 7B); note that CBP expression also
increased the level of ac-H3 from 3.2-fold to 15.2-fold. This latter observation supports the
ability of CBP to act as a histone acetyl transferase. At the proximal y-promoter region, no
CREBL binding was observed at baseline or following CREB1 or CBP enforced expression
(Fig. 7C). However, increased enforced CBP expression produced up to 13.3-fold chromatin
enrichment.

While we our data demonstrate that pPCREB1 and CBP can independently bind to the G-
CRE region, it can be argued that co-localization does not occur therefore sequential ChlP
assays were completed. When immunoprecipitation was performed with CREB1 antibody
followed by CBP, 3.5-fold chromatin enrichment was observed (Fig. 7D); for the reverse
reactions 4.3-fold chromatin enrichment was produced, demonstrating co-occupancy of
CREBL1 and CBP at the G-CRE region in the Gy-globin promoter.

DISCUSSION

Sickle cell anemia is a B-hemoglobinopathy which affects millions of people worldwide.
The severity of the disease is determined by clinical symptoms such as pain, infection and
strokes. Individuals with increased HbF levels (>8.6%) show ameliorated symptoms and
improved survival [32], demonstrating the therapeutic potential of HbF induction. Of the
currently available treatment options, the most feasible is the induction of HbF through
pharmacological agents. These agents have been shown to act by hyperacetylation or
hypomethylation of the local chromatin environment of the y-globin promoters [11; 33; 34;
35; 36; 37]. An alternative mechanism of HbF induction through cell signaling pathways
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was elucidated by our laboratory and others. The signaling pathways implicated in -y-globin
regulation include cGMP, cAMP, NO, and p38 MAPK [12; 38; 39; 40; 41].

Interestingly, p38 signaling is implicated in -y-globin reactivation by a wide variety of
compounds [11; 41; 42]. However, Hydroxyurea is the only FDA approved drug for the
treatment of sickle cell anemia. HbF induction by this drug involves nitric oxide signaling
through the cGMP [43] and p38 MAPK pathways [42; 44]. Treatment of K562 cells with
butyrate resulted in p38 MAPK activation and increased y-globin transcription [13; 41].
More recently, Aerbajinai et al. [45] demonstrated that thalidomide induces y-globin
expression through a similar mechanism in human erythroid progenitor cells.

Previous work from our laboratory has demonstrated role for reactive oxygen species as an
upstream activator of p38 MAPK signaling to achieve y-globin activation by trichostatin A
and butyrate [11; 12; 44]. In the current study, we explored the role of p38 MAPK signaling
in y-globin regulation at steady-state in the absence of pharmacological stimulation. We
demonstrated that p38 and CREBL silencing mediated Gy-globin gene repression,
supporting a positive regulatory role for both proteins. Stable enforced expression of MKK3
and MKKG resulted in the constitutive activation of p38 MAPK accompanied by Gy-globin
trans-activation and HbF induction; moreover, stable CREB1 enforced expression produced
the same effect. To confirm these findings, studies were conducted in primary erythroid
progenitors. We demonstrated that loss of p38 MAPK and CREB1 function by siRNA
silencing resulted in significant y-globin repression in the absence of changes in B-globin.
Furthermore, direct trans-activation by CREB1 augmented HbF levels to confirm a positive
regulatory role for p38 MAPK/CREBL1 signaling in a physiological system.

The downstream effectors activated by p38 include CREB1, CREB2, CREM and ATF1-4
[8; 46]. Members of the CREB family recognize and bind to the CRE as homo- or
heterodimers to regulate gene expression. The G-CRE is a palindromic sequence located
between -1222 and -1229 of the G-y-globin promoter. Pissard et al. [47] described four Pre-y
frameworks characterized by polymorphisms in the GCRE (-1225 G/A), -1280 GATA and
-1450 TTATT (T/G) sites. The -1225 G/A mutation is associated with lower HbF levels in
sickle cell patients with the Benin B-locus haplotype [47]. /n vitrobinding studies have
demonstrated that CREB1 binding to the G-CRE is abolished if two or more base mutations
are introduced [13]. A possible mechanism for the abolishment of promoter activity is the
introduction of a 5’-TGTGGT-3’ sequence by the two base mutation which produces a
consensus motif for the transcriptional repressor acute myeloid leukemia [48].

To gain greater insights into the role of the G-CRE in regulating Gy-promoter activity in a
chromatin context, stable luciferase reporter lines were established. One or more base
mutations in the G-CRE abolished promoter functionality and promoter silencing produced
by p38 and CREB1 siRNA treatment. These findings indicate that mutating the G-CRE
abrogates the ability of p38 MAPK/CREBL signaling to activate Gy-globin expression.

The CRE is an enhancer element capable of regulating transcription in a position and
orientation independent manner [49]. To further explore the ability of the -1222 G-CRE to
regulate a heterologous promoter, we introduced a CRE into the A-y-globin promoter to
create a hybrid promoter. Although no increase in steady state promoter activity was
observed there was increased hybrid promoter activity after CREB1 enforced expression
demonstrating the ability of the G-CRE to activate a heterologous promoter.

CREBL is capable of binding the CRE in the unphosphorylated state, but requires activation
to mediate gene trans-activation. This molecule is activated by phosphorylation at Ser133
which facilitates interaction with CBP/p300 which acts as a molecular bridge permitting
recruitment of DNA binding proteins to the basal transcription machinery [15]. To study the

Blood Cells Mol Dis. Author manuscript; available in PMC 2013 June 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramakrishnan and Pace Page 10

chromatin binding of CREB1 and CBP, we performed ChIP assays. Both CREB1 and CBP
were bound in the upstream G-CRE region and enforced CREB1 expression increased
pCREB1 and CBP binding. However, enforced CBP expression only increased CBP binding
in the G-CRE region. Subsequently, sequential ChIP assays demonstrated co-occupancy of
pCREBL1 and CBP the in the G-CRE region /n vivo. Our data support a novel mechanism of
Gy-globin regulation by p38 MAPK/CREBL signaling and the functional relevance of the
G-CRE in the formation of a CREB1/CBP complex to regulate G-y-globin transcription
under steady-state conditions.
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Fig. 1.

p38 MAPK signaling regulates -y-globin transcription. (A) p38 MAPK mRNA levels were
quantified by RT-gPCR analysis using gene specific primers (Table 1); non-targeting
scrambled (Scr) siRNA was used as a control. Data were calculated as the mean + standard
error of the mean (SEM), p<0.05 was considered significant. WB analysis was performed
using 150p.g of total protein and an anti-total p38 (t-p38) antibody, actin was used as a
loading control. (B) The effect of p38 MAPK silencing on G-y-globin and Ay-globin
transcription were quantified using gene specific primers for RT-gPCR analysis. (C) Three
stable lines including PC, kMKK3, and kMKK®6 were established in K562 cells using the
pcDNA, pcDNA3-MKK3 and pcDNA3-MKK®6 expression vectors respectively and then
clones were isolated (see “Experimental procedures”). WB was performed with 1509 of
protein using an anti-HA antibody to confirm gene expression. Levels of
phosphophyrolated-p38 (p-p38) and t-p38 were determined by WB. (D) The effect of stable
enforced activation of p38 MAPK on y-globin transcription was determined by RT-qPCR
analysis. (E) ELISA was performed to quantify the effect of activating p38 MAPK on HbF
expression (see “Experimental procedures”). HbF levels were normalized by total
hemoglobin (t-Hb) and total protein (t-Protein). (F) HbF positive cells were visualized by
immunostaining with FITC conjugated anti-ry-globin antibody (HbF-FITC); DAPI staining
was performed to visualize cell nuclei (magnification x400). At least 500 DAPI positive
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cells were counted along with the number of FITC positive cells in the same field and then
used to calculate the percentage of HbF positive cells.
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Fig. 2.

CREB1 trans-activates y-globin expression. (A) The effect of sSiCREB1 treatment on target
gene transcription was quantified by RT-gqPCR analysis using gene specific primers (Table
1); non-targeting scrambled (Scr) siRNA was used as a control. Data were calculated as the
mean + SEM; p<0.05 was considered significant. WB analysis was performed using 1509
of total protein to confirm CREBLI silencing. (B) The effect of CREB1 silencing on y-globin
transcription was quantified using RT-gPCR. (C) Transient enforced expression of CREB1
was performed in K562 cells for 48hrs. The effect on -yglobin transcription was quantified
using RT-gPCR (D) Rescue experiments were performed by the addition of siCREB1 alone
or combined with pPCMV-CREB1 or pMT3-HDAC10 expression vectors (see “Experimental
procedures™). For each condition the amount of plasmid added is shown. Represented is the
fold change for the expression vectors after subtracting the values obtained from empty
vector control transfections. (E) K562 stable lines were established using the pCMV or
pCMV-CREBL expression vectors and then clones were isolated (see “Experimental
procedures™). Enforced CREB1 expression was confirmed by RT-gPCR (bar graph) and WB
analysis. (F) The effect of stable enforced CREB1 expression on y-globin transcription was
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determined by RT-qPCR analysis. (G) ELISA was performed to quantify the effect on HbF

levels. (H) HbF positive cells were visualized by immunostaining with FITC conjugated
anti-y-globin antibody and DAPI staining to visualize nuclei.
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Fig. 3.

p38 MAPK/CREBL signaling regulates y-globin expression in human erythroid progenitors.
Peripheral blood mononuclear cells were grown in the two-phase liquid culture system. On
day 11, progenitors were transfected with siRNA targeting p38 MAPK or CREBL1 using a
Nucleofector device transfection system (see “Experimental procedures™). Cells were
harvested after 72hrs and RNA and protein were isolated for further analysis. (A) p38
MAPK silencing was confirmed by RT-gPCR and WB analysis. (B) The levels of y-globin,
B-globin and actin gene expression were measured by RT-qPCR. The effect of p38 MAPK
silencing on -y-globin and p-globin transcription as well as the ratio of y/g globin was
calculated after the expression of each gene was normalized by actin. (C) In cells treated
with siCREBL, target gene silencing was confirmed by RT-gPCR and WB analysis. (D) The
effects of CREBL silencing on y-globin and B-globin expression and the -y/p ratio were
analyzed as described in panel B.

Blood Cells Mol Dis. Author manuscript; available in PMC 2013 June 28.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Ramakrishnan and Pace Page 18

A
Primary Cells Day 11

% 1500 { [po;t —1 B
E® 6
£ & 1000 - < p<0.01
20 Z9
g 2 o 4
S i ES
=32 500 8
@ P £S5
o 29 5
s 1 Ch)

Mock 5 10 e

CMV-CREB1 = 0-
P (1g) Mock 5 10

A3KDA | e ———— CREB1 pCMV-CREB1(ug)
42kDa—| e < — e ——rm }—Actin

5 10 5 10  (ug) D

pCMV pCMV-CREB1 60 55
C
DAPI HbF-FITC 40
20 {1
Mock
o Mock 5 10
PCMV-CREB1 (1g)
E
3
p<0.01

b “J

Fig. 4.

CREBL enforced expression activates y-globin in erythroid progenitors. Erythroid
progenitors grown in the two phase liquid culture system were transfected with pCMV or
pCMV-CREBL1 on day 11. For all panels, the data shown was obtained from expression
vector transfections after subtracting the values obtained from empty vector control
transfections. Data were calculated as the mean + SEM; p<0.05 was considered significant.
(A) CREBL enforced expression was confirmed by RT-gPCR and WB analysis. (B) The
effect of enforced CREBL1 expression of increasing concentrations of CREB1on -yglobin
was calculated as a ratio of -y/f mRNA as described in Fig. 3B. (C) HbF positive cells were
visualized by immunostaining with FITC conjugated anti-y-globin antibody (HbF-FITC)
after enforced CREBlexpression. DAPI staining was performed to visualize nuclei and to
determine cell counts (x400 magnification). (D) At least 500 DAPI positive cells were
counted along with the number of FITC positive cells in the same field and then used to
calculate the percentage of HbF positive cells. (E) ELISA was performed to quantify the
effects of enforced CREBL expression on HbF levels.
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PCMV-CREB1 (ng)
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Fig. 5.

The G-CRE is required for steady-state promoter activity. (A) Shown are schematics of the
reporter plasmids established with the pGL4.17Luc2/neo vector and wild-type or mutant
Gy-globin promoters. (B) Stable lines were established in K562 with reporter plasmids,
along with a corresponding empty vector control (see “Experimental procedures™). The
luciferase activity of the stable lines was determined by normalizing luciferase activity to
total protein and correcting for the copy number of the stable line (luciferase/copy number).
Data was calculated as the mean + SEM; p<0.05 was considered significant. (C) The ability
of sodium butyrate (N) or trichostatin A (T) to activate Gy-promoter activity in the stable
lines was tested; cells were treated with each drug for 48hrs and luciferase activity was
measured. (D) The effect of p38 MAPK silencing on -y-globin promoter activity was tested
in the KGyLuc2 stable line. Cells were treated with p38 MAPK siRNA for 48hrs after
which luciferase activity was analyzed. (E) Similar experiments to determine the effects of
siCREBL1 treatment on y-globin activity were performed. (F) CREB1 enforced expression
studies were performed in the KG-yLuc2 line. Protein was harvested after 48hrs and
luciferase assay was performed. Shown in the graph is the luciferase activity obtained at the
different CREB1 concentrations after subtracting the values obtained for empty vector
transfections.
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The G-CRE mediates activation of the Ay-globin promoter by CREBL1. (A) Shown are
schematics of the reporter plasmids established with wild-type Ay-globin and hybrid
promoter with the G-CRE inserted at base -1222 (see “Experimental procedures™). (B)
Transient transfection assays were performed in K562 cells. Shown is the luciferase activity
of the three reporters after normalization by total protein. Data were calculated as the mean
+ SEM; p<0.05 was considered significant. (C) Transient cotransfections of the three
constructs with pCMV or pPCMV-CREBL1 were performed. For each condition the presence
(+) or absence (-) of the various reagents is shown.
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Fig. 7.

CREBL1 and CBP co-localize to the G-CRE region in vivo. (A) ChlP assays were performed
in the KG-yLuc2 stable line with CREB1, CBP, acetylated histone H3 (ac-H3) and 1gG
antibodies; chromatin enrichment was normalized to 1gG. gPCR analysis was performed
using primers unique to the pGyLuc2 construct or endogenous G-CRE regions (Table 1).
Data was calculated as the mean + SEM; p<0.05 was considered significant. Shown in the
agarose gel is PCR products of representative samples from each ChlP assay condition; 1:10
diluted input DNA was used as a control. (B) ChIP assays were performed using the
KGyLuc2 stable line after CREB1 or CBP enforced expression; untreated cells were used as
a control. The antibodies (Abs) used for the different immunoprecipitation (IP) reactions are
shown in the graph. For each condition the presence (+) or absence (-) of the various
constructs is shown. qPCR analysis was performed using primers specific to the endogenous
G-CRE region (Table 1); chromatin enrichment is represented as fold change relative to
IgG. (C) For the same chromatin described in Fig.7B, gPCR analysis was also performed
using proximal y-globin promoter primers as a control (Table 1). (D) Sequential ChIP assay
was performed in the KGyLuc2 stable line (see “Experimental procedures™). Experiments
were performed with CREBL1 antibody followed by CBP and vice versa. Enrichment
obtained after sequential ChIP was normalized relative to values obtained for IgG.
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SUMMARY OF PRIMERS USED FOR QUANTITATIVE PCR ANALYSIS.

TABLE 1

Forward: 5" GAAGGTGAAGGTCGGAGT 3’

GAPD - -
Reverse: 5° GAAGATGGTGATGGGATTTC 3
. Forward: 5> GGCATGGGTCAGAAGGATT 3’
Aetin Reverse: 5 CACACGCAGCTCATTGTAGA 3’
. Forward: 5> AAGCCTTACACAGGATTATGAAGTCTG 3’
SR Reverse: 5 ACATGGCAGGAAGTATTCATGCTG 3’
) Forward: 5> AAGCTTTACACAGGATCATGAAGG 3’
Ay-glogin Reverse: 5 CAGGGTAGGAAGTATTTATGGTGG 3’
. Forward: 5 GGCAACCTGTCCTCTGCCTC 3’
[ Reverse: 5° GAAATGGATTGCCAAAACGG 3’
. Forward: 5° CTCATGGCAAGAAAGTGCTCG 3’
P-globin Reverse: 5" AATTCTTTGCCAAAGTGATGGG 3’
Forward: 5" ATTACCCAGGGAGGAGCAAT 3’
CREB1 - -
Reverse: 5° TGGTTGCTGGGCACTAAGAT 3
G.CRE Forward: 5> AAGCCTTACACAGGATTATGAAGTCTG 3’

Reverse: 5 AAGCCTTACACAGGATTATGAAGTCTG 3’

pGyLuc2 G-CRE

Forward: 5’ TACGCGTGCTAGCCCGGGCTCGAG 3’

Reverse: 5° ACATGGCAGGAAGTATTCATGCTG 3’

y-globin promoter

Forward:5" AAGCCTTACACAGGATTATGAAGTCTG 3’

Reverse: 5" ACATGGCAGGAAGTATTCATGCTG 3’
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