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Abstract

The upstream Gy-globin gene cCAMP response element (G-CRE) was previously shown to play a role
in drug-mediated fetal hemoglobin induction. This effect is achieved via p38 mitogen activated
protein kinase (MAPK)-dependent CREB1 and ATF-2 phosphorylation and G-CRE trans-activation.
Since this motif is also a predicted consensus binding site for cJun we extended our analysis to
determine the ability of cJun to trans-activate y-globin through the G-CRE. Using chromatin
immunoprecipitation assays we showed comparable in vivo cJun and CREBL1 binding to the G-CRE
region. Protein-protein interactions were confirmed between cJun/ATF-2 and CREB1/ATF-2 but not
between CREB1 and cJun. However, we observed cJun and CREBL1 binding to the G-CRE in vitro
by electrophoretic mobility shift assay. Promoter pull-down assay followed by sequential western
blot analysis confirmed co-localization of cJun, CREB1, and ATF-2 on the G-CRE. To show
functional relevance, enforced expression studies with pLen-cJun and a Gy-promoter (-1500 to +36)
luciferase reporter were completed; we observed a concentration-dependent increase in luciferase
activity with pLen-cJun similar to that produced by CREBL1 enforced expression. Moreover, the G/
A mutation at -1225 in the G-CRE abolished cJun trans-activation. Finally, enforced cJun expression
in K562 cells and normal primary erythroid progenitors enhanced endogenous y-globin gene
expression. We concluded from these data indicate that cJun activate the Gy-globin promoter via the
G-CRE in a manner comparable to CREB1 and propose a model for y-globin activation based on
DNA-protein interactions in the G-CRE.

List of key words

cJun; CREBL; y-globin; cAMP response element; ATF-2

Introduction

Human B-globin disorders, such as sickle cell anemia are relatively common genetic diseases

that affect millions of people worldwide. A myriad of clinical symptoms including vaso-

occlusion, pain, stroke, and other complications occur in this population. However increased

fetal hemoglobin production (20-30%) can ameliorate disease severity [1]. Therefore,

understanding y-globin gene regulation and developing strategies to reverse its silencing after

birth has important therapeutic implications.
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The B-globin locus is comprised of five functional genes—e, Gy, Ay, & and B—that are arranged
and expressed developmentally in the order they appear in the locus. The y-globin genes are
normally expressed at high levels during fetal-stage development [2-4] in the presence of an
optimal trans-factor environment. To define molecular mechanisms of y-globin gene
regulation, drug-mediated fetal hemoglobin induction has been investigated as a strategy to
develop treatments for sickle cell disease and p-thalassemia.

Previous work from our laboratory demonstrated a role for the -1222 Gy-globin cAMP response
element (G-CRE) in drug-mediated gene activation [5]. The transcription factors CRE binding
protein 1 (CREBL1) and activating transcription factor-2 (ATF-2) bind the G-CRE to activate
v-globin expression after treatment with sodium butyrate (NaB) or trichostatin A (TSA) via
p38 MAPK signaling. The palindromic G-CRE consensus, 5-TGACGTCA-3’ is also an
overlapping binding site for cJun and other ATF family members [6]. This group of trans-
factors forms homo- or heterodimers such as CREB1/ATF-2 when bound to DNA to achieve
context-mediated gene activation or repression in various promoters [7]. In our current study
we sought to explicate the role of cJun in y-globin regulation through interaction with other
trans-factors bound to the G-CRE.

cJun functions as a proto-oncogene and is a key player in survival, stress response and apoptotic
pathways [8]. cJun binds the AP-1 consensus site (5'-TGAGTCA-3’) as a heterodimer with
cFos, JunB, JunD and ATF family members including ATF-2, ATF-3 and ATF-4 [9,10]. cJun
also binds the CRE primarily combined with ATF-2 in the interferon-$ [11] and tumor necrosis
factor-a [12] promoters. Moreover, overlapping tandem AP-1/NF-E2 sites in hypersensitive
site 2 of the B-locus control region were previously characterized as enhancers in y-globin gene
expression [13] however a possible negative role has also been implicated when cJun interacts
with NF-E2 [14]. Context dependent regulation of y-globin expression by cJun after drug
induction has been investigated by others [15-18]. Increased cJun mRNA levels via post
transcriptional stabilization were observed in cells treated with hydroxyurea [15]. By contrast,
other studies demonstrated that cJun might act as an inhibitor of HDAC inhibitor-induced
erythroid differentiation [17,18].

A controversy remains over the role of cJun in y-globin gene regulation therefore additional

data are required. In the current study we investigated the ability of cJun to activate y-globin
expression. We demonstrated cJun binding to the G-CRE region in vivo and its ability to trans-
activate the Gy-globin promoter. Furthermore, cJun co-localized with CREB1 and ATF-2 to
the G-CRE however protein-protein interaction was only detected between cJun and ATF-2.
Mutating the G-CRE abolished the ability of cJun and CREBL1 to trans-activate the y-globin

promoter. Alternative models for G-CRE function are discussed.

K562 cells were maintained in Iscove's Modified Dulbecco's medium containing 10% fetal
bovine serum (Atlanta Biologicals, Atlanta GA), supplemented with penicillin (100U/ml) and
streptomycin (0.1mg/ml) at 37°C and 5% CO2. For drug studies, cells were treated for 48 hrs
with 2mM NaB or 0.5uM TSA purchased from Sigma (St. Louis, MO).

Chromatin immunoprecipitation (ChlIP) assay

ChIP assays were performed in K562 cells as previously described [5,19] using the Upstate
(Lake Placid, NY) protocol per the manufacturers' instructions. Briefly, 40 million cells from
different conditions were crosslinked with 1% formaldehyde. After cell lysis, nuclei were
sonicated (Sonicator 3000; Misonix, Farmingdale, NY) for 8-10 pulses at 12W and output level
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5, on ice to generate 500-600 bp fragments. Sonicated DNA was purified by phenol chloroform
extraction and then immunoprecipitation reactions performed with the following antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA): phosphorylated CREB1 (pCREB1, sc-7978),
total CREB1 (t-CREB1, sc-240), p-cJun (sc-16312) and t-cJun (sc-1694). TFIID (sc-204X),
human IgG (Sigma) and no antibody reactions were set up as controls. The DNA-protein
complexes were collected in elution buffer and reverse crosslinking achieved by heating
samples at 65°C. Chromatin was precipitated by ethanol and used for quantitative PCR (qPCR).

Reverse transcription gPCR (RT-gPCR) Analysis

gPCR was performed on an iCycler (Bio-Rad, Hercules, CA) using the Sybergreen iQ
Supermix (Bio-Rad) and 10 pM of gene-specific primers (Table 1). To confirm in vivo cJun
and CREBL binding to the G-CRE, primers located at nucleotides -1350 to -1100 were used;
TFIID binding at -53 to +69 in the proximal y-globin promoter was analyzed as a positive
control (Table 1).

To quantify globin gene expression levels, total RNA was isolated using RNA Stat-60™ (TEL-
TEST “B” Inc., Friendswood, TX) and used for reverse transcription (RT)-qPCR analysis as
previously published [5]. Briefly, cDNA was generated from total RNA using the Improm-II
reverse transcriptase system and oligo (dT),5 primers (Promega, Madison, WI). Levels of y-
globin, B-globin and glyceraldehyde-3-phosphate dehydrogenase (GAPD) were quantified in
K562 cells and primary erythroid progenitors. Standard curves were generated using serial 10-
fold dilutions of Topo7 plasmids carrying a y-globin cDNA (Topo7-y-globin), Topo7-B-globin
and Topo7-GAPD. Globin mRNA levels were normalized to GAPD (y/GAPD, B/GAPD) and
v/B-globin MRNA ratios were calculated by dividing y/GAPD by B/GAPD.

Western blot

Cellular protein extracts were prepared from two million K562 cells from the various
conditions using lysis buffer (Promega, Madison, WI). Extracts (50-100 pg) were loaded on
10% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to
nitrocellulose membrane for western blot analysis as previously published [5]. Membranes
were blocked in 5% bovine serum albumin for 30 min and then incubated with primary
antibodies (pCREB1, t-CREB1, p-cJun and t-cJun) at 1:500 to 1:1000 dilutions overnight at
4°C. Actin antibody (Chemicon Millipore, Billerica, MA; MAB1501,) was used as a loading
control. Horseradish peroxidase-conjugated secondary antibodies including mouse-anti-goat
and goat-anti-mouse purchased from Pierce (Rockford, IL; #31400 and #31430) and goat-anti-
rabbit (sc-2004, Santa Cruz Biotech.) were used and proteins were detected using the ECL
system (Amersham, Piscataway NJ). Band intensities were quantified using the ChemiDoc
System (Bio-Rad).

Protein immunoprecipitation (IP)

Nuclear extracts (300-400 pg) prepared from K562 cells as previously published [19] were
pre-cleared with protein A agarose beads (Santa Cruz) in IP buffer containing 10 mM HEPES,
pH7.9, 25 mM KCI, 500 uM EDTA, 500 uM DTT, 2.5% glycerol and protease inhibitors. The
supernatants were then incubated individually with t-cJun, t-CREB1, t-ATF-2 (sc-242) or
human 1gG control for one hr. Protein A agarose beads were added to precipitate immune
complexes overnight at 4°C. Precipitated agarose beads were heated at 95°C for 5 min and
proteins were resolved on a 9% SDS-PAGE gel followed by western blotting to characterize
specific protein-protein interactions.
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Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed with 8 ug of K562 nuclear extracts incubated for 20 min with wild type
and mutant G-CRE oligonucleotide probes; G-CRE: 5'-
AGAGTTTCTGACGTCATAATCTACCAAG-3' (the G-CRE is underlined and bases shown
in lower case are for mutant probes), G-m1: 5'-
AGAGTTTCTGACaTCATAATCTACCAAG-3', G-m2: 5'-
AGAGTTTCTGtgGTCATAATCTACCAAG-3', and G-m3s: 5'-
AGAGTTTCtctctgtaTAATCTACCAAG-3'. All probes were end-labeled using T4 kinase and
[y-32P]JATP and binding reactions were performed in gel shift binding buffer containing poly
[dI:dC] (Promega). Competition studies to confirm protein bands specificity were performed
with 100-fold excess of the corresponding unlabelled oligonucleotide. Supershift reactions
were performed by adding t-cJun or t-CREB1 antibody 20 min prior to the addition of
radiolabeled G-CRE probe. DNA-protein complexes were resolved in 4% native
polyacrylamide gels.

Promoter pull-down assay

This method was adopted from previously published protocols [20,21] with some
modifications. Oligonucleotides were synthesized and biotinylated at the 5’-end (Sigma-
Aldrich, Woodland, TX): G-CRE: 5'biotin-
CCAGAGTTTCTGACGTCATAATCTACCAAGG 3’ and G-m2: 5'biotin-
CCAGAGTTTCIGtgGTCATAATCTACCAAGG 3’ (the G-CRE is underlined and the
mutated nucleotides are lower case). Single-stranded sense and anti-sense oligonucleotides
were annealed to generate double stranded probes for pull-down reactions. Briefly, 300 ug of
K562 nuclear extract was incubated with 2 pg of probe and 10 ng of salmon sperm DNA in
pull-down buffer (10 mM HEPES, pH7.9, 25 mM KCI, 500 uM EDTA, 500 uM DTT, 2.5%
glycerol and protease inhibitors) on ice for 90 min. Streptavidin agarose beads were added to
the pull down reaction at the end of incubation. The samples were mixed overnight at 4°C and
then pelleted beads were washed with 500 pl of the pull-down buffer and then heated at 95°C
for 5 min. The proteins were resolved on SDS-PAGE gels followed by electro-transfer to
nitrocellulose. Each membrane was analyzed by sequential western blotting with t-CREBL, t-
ATF2 and t-cJun antibody (Santa Cruz Biotechnology); membranes were stripped in between
blots to demonstrate co-localization of trans-factors on the G-CRE probe.

Transient transfections

Transient transfections were performed as previously described [5,19]. Four reporter constructs
were analyzed including GyLuc: carrying the wild-type Gy-promoter (-1500 to +36) cloned
into the pGL3-Basic luciferase reporter plasmid (Promega) and three mutant reporters GyLuc
(m1): carrying a -1225 G/A mutation; GyLuc(m2) carrying the -1227 AC/TG mutation; and
GyLuc(m3s) carrying a scrambled G-CRE sequence 5-TCTATGTA-3'. Briefly, 10ug of each
reporter construct was co-transfected with 2.5ug of pSV-p-galactosidase plasmid (Promega)
to monitor transfection efficiency, into 10 million K562 cells using a GenePulser (Bio-Rad) at
260 V and 975 pF. For dose response studies, K562 cells were transfected with 10-50ug of
expression vectors pPCMV and pCMV-CREBL (Clontech, Mountainview, CA), or pLen and
pLen-cJun, (a generous gift from Dr. Gail Breen, University of Texas at Dallas). pLen was
generated from pLen-cJun by restriction digestion with BamHI to remove cJun and then was
circularized to generate the empty vector control. -Galactosidase and luciferase activity were
quantified using the B-Galactosidase Enzyme Assay and Luciferase Assay systems respectively
(Promega) per the manufacturer's protocol. Luciferase activity was measured on a TD-20/20
Luminometer (Turner Biosystems, San Diego, CA). All values were normalized by p-
galactosidase activity and total protein measured by Bradford assay (BioRad).
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cJun and CREB1 K562 stable lines

Ten micrograms of BamH1 or EcoR1 linearized pCMV, pCMV-CREBL, pLen and pLen-cJun
plasmid were transfected by electroporation into 10 million K562 cells in serum-free medium.
Cells were transferred to Iscove's Modified Dulbecco's Medium with 10% fetal bovine serum
for three days and then 500 ug/mL G418 (Sigma) was added to select for resistant cell pools.
After 21 days the resistant cells were maintained in 200 ug/ml G418 and enforced expression
of cJun and CREB1 was confirmed by western blot analysis.

Expression vector copy number was calculated by a recently published gPCR-based method
[19] using genomic DNA isolated with a FlexiGene DNA kit (Qiagen, Valencia, CA). The
copy number of the pCMV, pCMV-CREBL1, pLen, and pLen-cJun vectors along with
endogenous GAPD as control was measured in stable clones. The primers used for gene copy
number are shown in Table 1. The relative copy number (Q) of target gene versus the GAPD
gene was calculated using the following equation:

NST/NSG

=N./Ny=————
Q s/ k NkT/NkG

Where N is the ratio of the copy number of target gene divided by GAPD and Ny is the
analogous calculation for K562 cells. NsT is the copy number of target gene in stable lines and
NkT the copy number of target genes in K562 cells; Ns© and NkC represent the copy number
of GAPD in stable lines and K562 cells respectively.

Enforced transcription factor expression in primary erythroid cells

For primary erythroid progenitor studies, human peripheral blood mononuclear cells were
purchased from Carter BloodCare (Fort Worth, TX) in accordance with guidelines of the
Institutional Review Board at the University of Texas at Dallas. Erythroid progenitors were
generated using the two-phase liquid cultures system [22]. During phase 1, cells were grown
in Iscove's Modified Dulbecco's Medium supplemented with 30% fetal bovine serum and 50
ng/mL each, of granulocyte-monocyte colony-stimulating factor, Interleukin-3, and stem cell
factor. To initiate phase 2 on day 7, the medium was changed and erythropoietin (3U/mL) and
stem cell factor (50ng/ml) were added. Erythroid progenitors were transfected in triplicate on
day 11 for 48 hrs and 72 hrs with 5 pg of vector (p)CMV, pCMV-CREBL1, pLen and pLen-
cJun). The CD34-Nucleofector kit was used to perform transfections per manufacturer's
instructions (Amaxa Inc., Gaithersburg, MD) on a Nucleofector device (Amaxa Inc.). Total
RNA was isolated for RT-gPCR analysis and viability was monitored using 2% trypan blue
stain. The primers used for gPCR analysis are shown in Table 1.

Statistical analysis

Results

The data were reported as the mean = standard error of the mean (SEM) from at least five
independent experiments conducted under different conditions including untreated K562 cells
or erythroid progenitors as steady state controls. 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 Exel (Redmond, WA).

We have previously demonstrated that the histone deacetylase inhibitors Sodium Butyrate and
TSA induce y-globin gene expression via p38 MAPK signaling [5]. Two downstream effectors
of p38 were identified as CREB1 and ATF-2 which trans-activate the G-CRE. However, the
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G-CRE also contains a consensus site for cJun and other ATF family members. Therefore, we
extended our investigation to determine whether cJun bind the G-CRE and/or interact with
CREB/ATF family members to regulate y-globin gene expression.

cJun bind the G-CRE region in vivo

ChIP assay was performed in K562 cells to investigate whether cJun bind the G-CRE. Two
regions including the upstream G-CRE or TATA box were examined for chromatin enrichment
by gPCR analysis (Fig. 1A). Immunoprecipitations of untreated K562 cells with p-cJun
antibody produced 3-fold (p<0.05) chromatin enrichment compared to no antibody and 1gG
controls (Fig. 1B); 8.5-fold (p<0.05) enrichment was observed with pCREB1 antibody. We
next performed drug inductions with agents know to activate y-globin expression. Chromatin
enrichment for pPCREB1 precipitants was increased 13-fold and 11-fold by treatment with NaB
and TSA respectively. However, chromatin enrichment for p-cJun precipitants decreased
31-57% with both drugs. We previously demonstrated that ATF-2 also interact in the G-CRE
in vivo [5] therefore these studies were not repeated. To monitor y-globin transcription for the
different experimental conditions, TFIID binding to the TATA box region was quantified. A
significant 23-fold (p<0.001) chromatin enrichment was observed with TFIID
immunoprecipitation which increased further after drug inductions, confirming robust y-globin
gene transcription in K562 cells. Since there are no other AP-1 or CRE sites in the target region,
these studies support cJun binding to the G-CRE in vivo. Moreover, the binding trends produced
with NaB and TSA are consistent with competitive occupancy of the G-CRE by cJun and
CREB after drug inductions.

Treatment with histone deacetylase inhibitors mediates cJun phosphorylation

To further understand mechanisms of y-gene regulation by cJun, western blots were performed
to study changes in p-cJun levels after drug treatments. A 2-fold (p<0.05) increase in p-cJun
was observed in K562 cells treated with NaB and TSA (Fig. 2A and C) compared to an 8-fold
and 3-fold increase respectively in p-CREBL1 (Fig. 2B and C). These studies suggest that cJun
was activated by NaB and TSA to a lower degree than CREBL.

cJun undergoes protein-protein interaction with ATF-2

The data generated for cJun support its ability to bind the G-CRE similar to CREB1 and ATF-2.
Therefore, our next set of experiments involved IP to determine whether cJun interacts with
CREBL1 and/or ATF-2 to form complexes in erythroid cells. Nuclear extracts from K562 cells
were IP with cJun, CREB, ATF-2 or human IgG antibodies and then western blot was
performed with the same antibodies to detect the presence of these proteins in the immuno-
complexes. Western blot with CREB1 antibody produced the predicted 43 kDa band with t-
ATF-2 IP samples, but no band was observed for t-cJun IP samples (Fig. 3A). However western
blot with t-ATF-2 antibody produced a 72 kDa band for both CREB1 and cJun IP samples. As
expected, no protein band was observed with control 1gG reactions. These data support the
ability of ATF-2 to undergo protein-protein interaction with cJun and CREB1 however
interaction between CREB1 and cJun was not observed in K562 cells. Other investigators
demonstrated a lack of CREB and cJun interaction in NIH3T3, HeLa, and other cell types
[23-26].

cJun, CREB1 and ATF-2 co-localize to the G-CRE in vitro

While ChIP assay demonstrated in vivo cJun binding in the upstream Gy-globin region, EMSA
was performed to gain evidence that cJun directly binds the G-CRE. Nuclear extract from K562
cells was incubated with a G-CRE probe in the presence and absence of self competitor or t-
CREBL1 and t-cJun antibody. Two complexes, B1 and B2 were established at baseline, which
were completely abolished with cold self competitor (Fig. 3B, Lanes 2 and 3). To determine
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if specific transcription factors are present in the complexes, supershift assays were performed.
Reactions with t-CREB1 antibody markedly decreased the intensity of both complexes (Lane
4) however t-cJun antibody produced a supershifted B15 complex with a concomitant decrease
in B1 (Lane 5). These data confirms that cJun and CREB1 binds the G-CRE in vitro.

We next performed EMSA with mutant probes to interrogate the nucleotides required to
establish stable DNA-protein complexes. Experiments were performed with the G-m1 probe
carrying a G/A mutation at -1225, G-m2 with an AC/TG mutation at -1227, and G-m3s with
ascrambled G-CRE sequence (Materials). The single base mutation in G-m1 markedly reduced
binding in the B1 and B2 complexes (Fig. 3C, Lanes 2 and 5) while the G-m2 and G-m3s
probes completely abolished binding (Lanes 7-12).

A second in vitro method, promoter pull-down combined with western blot analysis was
developed to determine if the target trans-factors co-localize to the G-CRE, which could not
be established using EMSA. This assay takes advantage of the high binding affinity between
streptavidin-conjugated agarose beads and biotinylated DNA probes allowing the pull-down
of DNA-bound protein complexes. We first performed dose response studies to test whether
increased amounts of streptavidin beads could produce greater quantities of protein-DNA
complexes detected by western blot analysis. As shown in Fig. 3D, using 300 pg of K562
nuclear extract in each reaction and 2 pg of biotinylated G-CRE probe, we observed a steady
increased in CREB1 protein on western blot at a dose range of 20 pl and 40 pl of streptavidin
beads. A similar dose-dependent increase in c-Jun protein binding was detected.

Subsequently we performed promoter pull-down with wild-type G-CRE and G-m2 probes
carrying the -1227 AC/TG mutation. From a single pull down reaction with the G-CRE probe
followed by western blotting of the same membrane processed sequentially with the three
antibodies, we detected CREB1, ATF2 and c-Jun protein (Fig. 3E); no band was detected for
beads-only reactions. By contrast, the G-m2 mutation completely abolished binding for the
three proteins. These data clearly demonstrate that cJun, CREB1, and ATF-2 co-localize
simultaneously on the G-CRE and that optimal binding depends on an intact G-CRE.

cJun and CREB1 trans-activates the y-globin promoter in a competitive pattern

To investigate the functional relevance of cJun binding to the G-CRE, co-transfection studies
were performed in K562 cells with the GyLuc reporter plasmid carrying the wild-type Gy-
globin promoter (Fig. 4A) and the pLen-cJun expression vector. A dose-dependent increase in
GyLuc luciferase activity was produced with 10-50 pg of pLen-cJun expression vector (Fig.
4B). At the 40 pg concentration luciferase activity increased 350-fold (p<0.001). A similar but
less robust dose-dependent increase in luciferase activity was demonstrated with the pPCMV-
CREBL expression vector (Fig. 4C). Since the ChIP assay data suggested competitive binding
to the G-CRE region after drug inductions, we next performed studies where the cJun and
CREBL expression vectors were co-transfected. cJun enforced expression (30ug) produced an
85-fold increase in luciferase activity with the GyLuc reporter compared to an 11.2-fold
increase produced by pCMV-CREBL (Fig. 4D). When both vectors were transfected together
an intermediate 29-fold increase in luciferase activity was observed. We concluded that cJun
is a strong trans-activator of the Gy-globin promoter and that CREB1 and cJun probably
compete for functional interaction in the G-CRE.

To confirm the requirement of the G-CRE for Gy-globin promoter trans-activation by cJun,

we tested three mutant GyLuc reporters. A single base pair mutation in GyLuc(m1) produced
a40% decrease in luciferase activity compared to wild-type GyLuc (Fig. 5A). When two bases
were mutated in GyLuc(m2) or the G-CRE was scrambled in GyLuc(m3s), a 95% decrease in
luciferase activity was observed. These studies confirmed that the G-CRE is required for basal
Gy-promoter transcription. Next we performed cJun enforced expression studies in this genetic
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reporter system. pLen-cJun trans-activated GyLuc 52-fold (p<0.001) which was greater than
95% abolished in the three mutant reporters (Fig. 5B). By contrast, pPCMV-CREB1 stimulated
luciferase activity in the GyLuc and GyLuc(m1) reporters, however luciferase activity was also
abolished for the other two mutant reporters. These data suggests that the ability of cJun to
interact with the G-CRE is less tolerant of sequence variation than that of CREBL1.

Stable enforced cJun expression enhances endogenous y-globin transcription

We established K562 stable lines with the pLen-cJun and pCMV-CREBL1 expression vectors
to determine if the effects produced by transient transfections could be substantiated for
endogenous y-globin. Enforced cJun expression was confirmed by western blot analysis in
three independent stable lines (Fig. 6A). Increased cJun levels were associated with a 2.0-fold
(p<0.05) increase in y/GAPD mRNA compared to empty vector pLen stable lines (Fig. 6B).
Likewise enforced CREB1 expression activated y/GAPD 1.5-fold (p<0.05) compared to empty
vector pPCMV control lines (Fig. 6C and D). We concluded that cJun and CREB1 have the
ability to trans-activate endogenous y-globin expression in K562 cells independent of drug
inductions.

Enforced cJun expression in primary erythroid cells activates y-globin transcription

A final set of experiments were completed to test the ability of cJun to stimulate y-globin in
normal erythroid progenitors grown in a two-phase liquid culture system. Progenitors were
transfected with pLen-cJun or pCMV-CREBL1 on day 11 for 48 hrs and 72 hrs (see Materials).
After 72 hrs in culture, enforced cJun expression increased the y/B mRNA ratio 2-fold (p<0.05)
which was comparable to the 2-fold and 1.8 fold increase in y/p mMRNA produced by enforced
CREBL expression at 48 hrs and 72 hrs respectively (Fig. 7). These studies confirm that cJun
and CREBL trans-activate y-globin in normal erythroid progenitors.

Discussion

The CRE, which contain the conserved palindrome TGACGTGA, and AP-1 phorbol 12-O-
tetradecanoate 13 acetate responsive element TGA(C/G)TCA (AP-1/TRE), are two major
classes of regulatory elements that control transcription through a variety of extracellular
signals [27,28]. Members of the CREB and ATF family recognize the CRE while the AP-1/
TRE is recognized by the AP-1 family members Fos and Jun [10,28]. Both group of proteins
share the basic leucine-zipper motif, but they have discrete transcriptional activities, and
interact with distinct DNA-binding proteins that contribute to their regulatory function
[27-30].

CREB/ATF and Fos/Jun proteins form selective homo- or heterodimers that bind the CRE and
TRE respectively to produce variable gene responses [28,29,31,32]. In general, CRES have
enhancer properties in that they regulate transcription in a position- or orientation-independent
manner. CREBL1 is activated upon phosphorylation at Ser133 by several kinases and interacts
with CREB binding protein [33-35], a key molecule involved in communication between
DNA-binding proteins and the basal transcriptional machinery [36]. Likewise, Jun family
members function as homo- or heterodimers among themselves and members of the Fos and
CREB/ATF families [28,37,38]. The differences between the CRE and AP-1/TRE consensus
sequence is only one nucleotide and thus overlap and/or crosstalk affecting transcription can
occur [32,39].

We previously demonstrated a role for p-CREB1 and p-ATF-2 in Gy-globin induction by NaB
and TSA through p38 MAPK signaling and G-CRE trans-activation [5]. To expand on these
findings in the current study we demonstrated that cJun binds the G-CRE region in vivo at

steady state. Furthermore, EMSA and promoter pull-down studies confirm co-localization of
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cJun, CREB1 and ATF-2 on the G-CRE. Our findings in erythroid cells are in agreement with
published work in the trophoblast a-subunit [7] and corticotrophin releasing hormone genes
[40] where the CRE binds CREB, CREM, ATF-1, ATF-2, Fos and cJun. These data implicate
the CRE as a target for gene regulation by multiple signaling pathways including p38 MAPK
[41], cAMP [42] and cJun N-terminal kinase [43].

p38 MAPK signaling has been implicated in mechanisms for y-globin induction by several
histone deacetylase inhibitors [3,5,41,44], hydroxyurea [45] and thalidomide more recently
[46]. Previous studies also demonstrated a role for cyclic guanosine monophosphate and cAMP
in y-globin gene induction. Kuroyanagi et al. [47] demonstrated that cAMP activation inhibited
v-globin gene expression in K562 cells but induced expression in adult erythroblasts. The c-
Myb proto-oncogene was shown to be involved in the cAMP-mediated differential regulation
of y-globin gene expression. However, it is believed that the cJun N-terminal kinase signaling
pathway does not play a role in drug-mediated fetal hemoglobin induction [41].

cJun partners with a wide variety of basic leucine-zipper proteins and functions as an oncogene
to control cell growth and proliferation [48,49]. Although cJun/cFos heterodimers bind AP-1/
TRE sites, cJun also binds the CRE as a heterodimer with ATF-2 [49]. Our IP data show ATF-2/
CREBL1 and ATF-2/cJun protein-protein interactions similar to published data however cJun
and CREBL did not form heterodimers in erythroid cells. Hence, we performed molecular
studies to elucidate the role of cJun in Gy-globin gene regulation.

To gain insights into the ability of cJun to trans-activate Gy-globin, luciferase co-transfection
studies were completed. We observed dose-dependent Gy-promoter activation with enforced
cJun expression to a higher degree than produced by CREBL1. Interestingly when both factors
were combined, an intermediate effect was produced suggesting cJun and CREB1 compete for
binding to the G-CRE and/or other binding partners. Mutations in the G-CRE produced a
profound effect with almost complete loss of luciferase activity with the -1225 A/G GyLuc
(m1) reporter for cJun. Although cJun trans-activation was abolished, CREB1 was able to
activate GyLuc(m1) suggesting differences in protein binding affinities. A similar inhibition
of CRE function was demonstrated in the mouse, bovine, and rat a-subunit genes [50].

The G-CRE is located between -1650 and -1150 in the Gy-promoter where multiple GATA-1
and Sp1 sites were identified with functional cis-acting properties [50]. Four PreGy frameworks
were characterized by Pissard and colleagues based on point mutations in the G-CRE (-1225
G/A), -1280 GATA-1 and -1450 TATA binding protein motif. PreGy framework 1 associated
with the G-CRE mutation (G/A) was associated with lower fetal hemoglobin levels in sickle
cell patients carrying a Benin B-globin gene cluster haplotype [50]. These data suggest the G-
CRE may have a physiologic role in y-globin gene expression.

Our data support a mechanism of y-globin activation either by a CREB1/ATF-2 or cJun/ATF-2
heterodimers bound to the G-CRE. The role of AP-1 proteins in globin regulation has been
clearly defined by studies of the tandem AP-1/NF-E2 binding site of 5" hypersensitive site 2
in the p-globin cluster locus control region [13,51]. This region contains an 18-bp sequence
that is inducible in K562 cells [13] and its enhancer activity is mediated by Jun and Fos
homodimers, or a NF-E2 protein complex composed of p45 NF-E2 and p18 Maf [52,53].
Francastel et al. [14] identified cJun as a positive regulator of NF-E2 but when associated with
p18 Maf, NF-E2-mediated transcriptional activation was inhibited in mouse erythroleukemia
cells [14]. We observed enhanced y-globin gene expression with enforced cJun expression in
K562 stable lines and primary erythroid cells. Whether cJun produces endogenous y-globin
activation via the G-CRE and/or locus control region requires further investigation.

The convergence of multiple signaling pathways is probably required to bring about gene
responses via CREs. CREB1/ATF-2, cJun/ATF-2 or homodimer complexes most likely bind
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the G-CRE to modulate y-globin expression. Published studies have shown that ATF-2 requires
cJun as a nuclear importer and is required to stabilize ATF-2 in the nucleus [54]. Other
regulatory factors such as CREB binding protein can facilitate the formation of enhanceosome
complexes [55] which have been shown to modulate CREB- and cFos/cJun-mediated
transcription of the steroidogenic acute regulatory gene [56]. The data generated herein and
published studies allowed us to generate a model for protein interactions in the G-CRE. Our
IP data support at least two possible scenarios contingent on the specificity of protein binding
to the G-CRE. First, CREB1/CREB1 or CREB1/ATF-2 dimers compete for ATF-2/cJun
binding to the G-CRE to dampen y-globin transcription. Alternatively, adaptor proteins might
facilitate formation of a CREB1/ATF-2/cJun enhanceosome complex. CREB binding protein
has been shown to interacts with histone acetylating proteins to mediate chromatin remodeling
or recruitment of TATA factor 11B to enhance gene transcription [57]. The functional
interaction and/or competition between the basic leucine-zipper DNA-binding proteins and the
G-CRE could represent crosstalk between various signaling molecules involved in globin gene
activation. Molecular approaches such as chromatin conformation capture, sequential ChIP
analysis and mass spectrometry will be required to explicate components of the enhanceosome
complex and function of the G-CRE in globin gene regulation.
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Fig. 1. cJun and CREB1 bind G-CRE region in vivo

ChIP assays were performed in K562 cells to determine cJun and CREB1 binding to the Gy-
globin CRE (G-CRE) region in vivo. A) Two sets of primers shown in the diagram were used
for quantitative PCR (qPCR) to verify chromatin enrichment in the Gy-globin promoter.
Primers | and 11 target the -53 to +69 region to confirm TFIID binding to the TATA box while
primers Il and 1V were used to measure chromatin enrichment in the G-CRE region. B) ChIP
assay quantitative results for untreated K562 cells (-) or after treatment with 2 mM NaB or 0.5
uM TSA (+) are shown in the graph. Data from gPCR analysis was plotted as fold change in
chromatin enrichment for the immunoprecipitation reactions performed with the antibodies
shown. The no antibody (No AB) and IgG samples were used as controls. Chromatin
enrichment levels for No AB samples were normalized to one. Data are shown as the mean +
standard error of the mean (SEM), *p<0.05 was considered significant (**p<0.01 and
***p<0.001).
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Fig. 2. cJun and CREB1 phosphorylation levels increase after drug treatment

Protein extracts were isolated from K562 cells treated with NaB (2 mM) or TSA (0.5 uM) for
48 hrs (see Materials). A) Shown is the western blot performed with phosphorylated-cJun (p-
cJun) and total-cJun (t-cJun) antibody. B) Western blot analysis results for p-CREB1 and t-
CREBL antibody is shown. C) Quantitative data obtained from the western blot gels using
ChemiDoc software (Biorad) are shown in the graphs. Shown are p-CREBL/t-CREB1 (black
bars) and p-cJun/t-cJun (gray bars) protein levels in the absence (-) or presence (+) of drug
treatments. Data are shown as the mean £ SEM, *p<0.05 was considered significant.

Blood Cells Mol Dis. Author manuscript; available in PMC 2011 January 15.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Kodeboyina et al. Page 16

A IP
t-CREB tcJun t-ATF-2 IgG

B Probe G-CRE
K562 NE - + + + +
Competitor - - + - -
Antibody - - - t-CREB1 t-cJun

B1
B2

Lane

Blood Cells Mol Dis. Author manuscript; available in PMC 2011 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kodeboyina et al.

Page 17
c Probe G-CRE  G-m1 G-m2  G-m3s
K562NE - + + - + + - + + - + +
Competitor = -+ - . + - . + . . +
B1— -
B2

Lane 12 3 4 5 6 7 8 9 10 11 12

—t-CREB1

D E w
L G-CRE Probe Z w
=z — % o o
S 20 30 40 50 60 Beads (ul) a s Q =
2 = m O O
E + + + + + Kb5B2NE =
43 kDa— —
43 kDa—{ . .‘ —t-CREB e A
39 kDa—{ R
39 kDa—

— t-cdun

72 KD Qe —

—1-ATF2

Fig. 3. cJun co-localized to the G-CRE with CREB1 and ATF-2

A) Immunoprecipitation (IP) reactions were performed with 200-300 pg of K562 nuclear
extracts and t-CREB1, t-cJun, t-ATF-2 and 1gG antibodies and then western blot (WB) was
performed with separate membranes and the antibody shown to detect protein-protein
interaction (See Materials). Note the presence of a protein band when the IP and WB antibody
are identical serving as a positive control. IP with IgG served as a negative control and did not
produce a protein band as expected. B) Electrophoretic mobility shift assay (EMSA) was
performed with K562 cell nuclear extracts (NE) and the G-CRE probe. Different reactions in
the absence (Lane 1) or presence of 8ug of K562 NE (Lanes 2-5) are shown. Supershift assays
were performed with t-CREB1 and t-cJun antibodies. C) EMSA was performed under the same
conditions as described in Panel B except reactions with the mutant probes G-m1 (G/A), G-
m2 (AC/TG) and G-m3 with a scrambled G-CRE (tctctgta) were included. Competition
reactions were completed in the presence of NE and cold oligonucleotide (++) to determine
specificity of binding. D) Promoter pull-down reactions were performed with 2 ug of 5’
biotinylated G-CRE probe and 300 pg of nuclear extract prepared from K562 cells. Increasing
amounts of streptavidin beads (Beads) were analyzed to test efficiency of complex pull-down.
The proteins bound to the G-CRE were detected by western blotting with t-CREB1 and t-cJun
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antibody (see Materials). Nuclear extract (Input NE) was used as a positive control. A non-
specific (NS) protein band was observed on the t-cJun western blot. E) Promoter pull-down
was performed with 5'biotinylated G-CRE and G-m2 (AC/TG) mutant probes as described in
Panel D except 20 pl of streptavidin agarose beads were used in all reactions. Western blot
analysis was also performed with total ATF-2 (t-ATF-2) antibody. A negative control reaction
run in the absence of biotinylated probes (Beads) is shown.
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Fig. 4. cJun and CREB1 compete for trans-activation of the Gy-globin promoter
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A) Shown is a schematic diagram of the GyLuc plasmid carrying 1536 bp of the wild type
Gy-globin promoter linked to the luciferase reporter gene. B) Transient transfection assays
were performed in K562 cells using the GyLuc reporter co-transfected with increasing
concentrations of the cJun expression vector, pLen-cJun. Shown is luciferase activity after
subtracting luciferase values obtained for transfections performed with the pLen empty vector
control. Data are shown as the mean + SEM, *p<0.05 was considered significant (**p<0.01;
***p<0.001). C) Similar experiments with the pPCMV-CREBL1 expression vector and
corresponding empty vector control pPCMV were performed. Shown are the luciferase
quantitative data. D) Co-transfection experiments were performed with 30 ug each of pPCMV-
CREBL (black bar) or pLen-cJun (gray bar) vectors alone (+) or both vectors combined (striped
bar; ++). Shown is the relative luciferase activity for the different conditions.
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pPCMV
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A) Transient transfection assays were performed with wild type (Gyluc) and mutant Gyluc
(m1), Gyluc(m2) and Gyluc(m3) reporter constructs in K562 cells (see Materials). B) Co-
transfection studies were performed with the same reporter plasmids tested in Panel A and the
pLen-cJun or pPCMV-CREB1 expression vectors. The corresponding empty vectors pLen and
pCMV were used as respective controls.
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Fig. 6. Stable enforced cJun expression enhances y-globin transcription

Stable lines were established in K562 cells using the pLen-cJun and pCMV-CREBL1 expression
vectors and corresponding empty vector controls (see Material). A) Western blot was
performed with protein extracts isolated from the three stable lines with t-cJun antibody to
confirm stable enforced expression. Membranes were stripped and probed with actin antibody
as an internal control. B) The effect of enforced cJun expression on endogenous y-globin gene
expression was measured by qPCR analysis with y-globin gene specific primers (Table 1).
Shown are the y/GAPD mRNA ratios corrected for pLen-cJun vector copy number. C) Western
blot was performed with protein isolated from the three stable lines and t-CREB1 antibody to
confirm stable enforced t-CREBL1 expression. D) Shown are the y/GAPD mRNA ratios
corrected for pPCMV-CREBL1 vector copy number.
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Fig. 7. Enforced cJun and CREB1 expression increase y-globin transcription in primary erythroid
cells

Erythroid progenitors were grown from peripheral blood mononuclear cells in a two-phase
liquid culture system (see Materials). Enforced pLen-cJun and pPCMV-CREBL1 expression was
performed on day 11 in culture for 48 hrs and 72 hrs. The empty pLen and pCMV vectors were
used as controls for non-specific effects. RNA was isolated at the times indicated for gPCR
analysis.
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Table 1
Summary of primers used for qPCR analysis

G-CRE Forward: 5 CGGCGGCTGGCTAGGGATGAA 3’
Reverse: 5' CTGTGAAATGACCCATGGCG 3’
v-TATA box Forward:5’AAGCCTTACACAGGATTATGAAGTCTG 3’
Reverse: 5' ACATGGCAGGAAGTATTCATGCTG 3
y-globin Forward: 5-GGCAACCTGTCCTCTGCCTC-3'
Reverse: 5'-GAAATGGATTGCCAAAACGG-3'
B-globin Forward: 5" CTCATGGCAAGAAAGTGCTCG 3
Reverse: 5' AATTCTTTGCCAAAGTGATGGG 3'
GAPD Forward: 5-GAAGGTGAAGGTCGGAGT-3'
Reverse: 5'-GAAGATGGTGATGGGATTTC-3'
cJun Forward: 5'- CCCAAGAACGTGACAGATGA-3'
Reverse: 5'- CACTGTCTGAGGCTCCTCCT-3’
CREB1 Forward: 5- ATTACCCAGGGAGGAGCAAT-3’

Reverse: 5'- TGGTTGCTGGGCACTAAGAT -3’
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