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The core pathology of sickle cell disease
(SCD) starts with the erythrocyte (RBC).
Aberration in MAPK/ERK1/2 signaling,
which can regulate cell adhesion, occurs
in diverse pathologies. Because RBCs
contain abundant ERK1/2, we predicted
that ERK1/2 is functional in sickle (SS)
RBCs and promotes adherence, a hall-
mark of SCD. ERK1/2 remained active in
SS but not normal RBCs. �2-adrenergic
receptor stimulation by epinephrine can
enhance ERK1/2 activity only in SS RBCs

via PKA- and tyrosine kinase p72syk-
dependent pathways. ERK signaling is
implicated in RBC ICAM-4 phosphoryla-
tion, promoting SS RBC adhesion to the
endothelium. SS RBC adhesion and phos-
phorylation of both ERK and ICAM-4 all
decreased with continued cell exposure
to epinephrine, implying that activation of
ICAM-4–mediated SS RBC adhesion is
temporally associated with ERK1/2 activa-
tion. Furthermore, recombinant ERK2
phosphorylated �- and �-adducins and

dematin at the ERK consensus motif.
Cytoskeletal protein 4.1 also showed dy-
namic phosphorylation but not at the ERK
consensus motif. These results demon-
strate thatERKactivation inducesphosphor-
ylation of cytoskeletal proteins and the adhe-
sion molecule ICAM-4, promoting SS RBC
adhesion to the endothelium. Thus, block-
ing RBC ERK1/2 activation, such as that
promoted by catecholamine stress hor-
mones, could ameliorate SCD pathophysi-
ology. (Blood. 2012;119(5):1217-1227)

Introduction

Sickle (homozygous hemoglobin S, SS) RBC-based adhesion and
vaso-occlusive events likely initiate and/or exacerbate the profound
vasculopathy present in patients with sickle cell disease (SCD).1,2

SS RBCs possess unusually active signaling pathways that contrib-
ute to a panoply of abnormalities, including RBC adhesion to the
endothelium and vaso-occlusion.2-4

Cell adhesion is a multistep cellular process that is regulated by
complex extracellular and intracellular signals that may differ from
one cell type to another. We have previously shown that abnormal
SS RBC interaction with the endothelium and with leukocytes can
be induced via �2 adrenergic receptor (�2AR) activation by the
stress hormone epinephrine.4-6 Such stimulation activates the
intracellular cAMP/protein kinase A (PKA) pathway.4 �2ARs are
prototypic G-coupled receptors whose signaling properties are in
part mediated by the activation of stimulatory GTP-binding
proteins (Gs proteins), which in turn activate adenylate cyclase
(AC), leading to the generation of cAMP and the subsequent
activation of PKA. The cAMP/PKA pathway can modulate the
MAPK/ERKs cascade both directly and indirectly.7-9 PKA has been
reported to stimulate B-Raf, while inhibiting c-Raf. Therefore, the
activity of downstream signaling proteins, such as MEKs and
ERKs, could be either enhanced or inhibited depending on the
balance of c-Raf and B-Raf activation.10,11 The cellular functions
mediated by �2ARs can also be independent of adenylyl cyclase
activation and involve other mediators instead.12-15

The functions attributed to ERK1/2 at both the cellular and
physiologic levels are diverse, including modulation of prolifera-
tion, differentiation, apoptosis, migration, and cell adhesion.16-19

Physiologically, ERK1/2 is required for immune system develop-
ment, homeostasis and antigen activation, memory formation,
development of the heart, and responses to many hormones, growth
factors, and insulin. Most of these previous studies have involved
only nucleated cells, including erythroid cells, in which erythropoi-
etin is the primary regulatory cytokine of this pathway.20 However,
aberrations in ERK1/2 signaling are known to occur in a wide
range of pathologies, including cancer, diabetes, viral infection,
and cardiovascular disease.21,22 In preliminary studies, authors have
indicated that ERK1/2 is highly abundant in both SS and normal
RBCs. Yet, whether this kinase remains functional in normal or SS
RBCs is unknown, and an extremely critical question in the study
of SCD pathophysiology. Such a mechanism of action could
represent a novel target for the treatment of SCD.

Methods

Endothelial cells

Primary HUVECs were grown as monolayers in EBM2 medium (Lonza
Walkersville) supplemented with EGM2 (Lonza Walkersville) as described
previously.4 All experiments were approved by the Duke University
institutional review board.

Antibodies

Abs used included the following monoclonal and polyclonal Abs (as
purified Ig unless otherwise noted): BS46 (mouse IgG1 anti–ICAM-4,
generously provided by Dr Jean-Pierre Cartron, Inserm Unité 665)23; mouse
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anti–phospho-myelin basic protein (anti–phospho-MBP; Millipore); mouse
anti–human transferrin receptor (BD Biosciences); and mouse anti–human
glycophorin C, produced in our laboratory.24 Rabbit anti–human ERK1/2
(Upstate Biotechnology); rabbit anti–human phospho-ERK1/2 (Cell Signal-
ing Technology); and rabbit anti–human MEK1/2 (Sigma-Aldrich) were
used. The murine myeloma protein P3 � 63/Ag8 (P3 ascitic fluid, diluted
1:500) was used as a nonreactive control murine IgG1 for mAbs.25 In all
studies, Abs were used at saturating dilutions unless otherwise indicated.

Collection, preparation, and treatment of RBCs

Patients with SCD homozygous for hemoglobin S had not undergone
transfusion for at least 3 months, had not experienced vaso-occlusion for
3 weeks, and were not on hydroxyurea. Blood samples from patients with
SCD and healthy donors homozygous for hemoglobin A (AA), collected
into citrate tubes, were used within 24 hours of collection. Packed SS and
AA RBCs were separated as previously described.5

Packed RBCs were treated with various reagents to affect cAMP
signaling or protein phosphorylation. Sham-treated RBCs were incubated
with the same buffer and vehicle but without the active agent. RBCs were
treated at 37°C with one or more of the following reagents: 20nM
epinephrine (Sigma-Aldrich) for 1 or 30 minutes; 2mM phosphodiesterase
inhibitor 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich) for 2 hours;
80�M forskolin (Sigma-Aldrich) for 30 minutes; 1 or 2 �g/mL Pertussis
toxin (PTx; Calbiochem); 5�M MEK1/2 inhibitor (MEKI) U0126 (Calbio-
chem); 30nM protein kinase A inhibitor (PKAI) 14-22 amide (Calbiochem);
10�M damnacanthal (Enzo Life Sciences International); or 10�M piceatan-
nol (Enzo Life Sciences International) for 1 hour. Treated RBCs were then
washed 5 times with 4 mL of PBS with Ca2� and Mg2�. Before adhesion
assays, treated RBCs were labeled with PKH 26 red fluorescent cell linker
kit (Sigma-Aldrich), following the manufacturer’s instructions.

Western blot

Packed RBCs were lysed with hypotonic buffer (5mM Na2HPO4 � 1mM
EDTA � 0.1% NaN3, pH 8) containing 2mM PMSF (Sigma-Aldrich),
phosphatase inhibitor cocktail (Sigma-Aldrich), and protease inhibitor
cocktail (Sigma-Aldrich). Protein separation by PAGE used equal amounts
of total RBC membrane ghost proteins per lane, after we corrected total
protein measurements for residual hemoglobin content. Western blots,26

using the appropriate Ab, were then performed. Mouse 3T3/A31 fibroblast
lysate was used as an ERK1/2-positive control. For total ERK1/2,
membranes blotted with anti-phosphoERK Ab were stripped and reexposed
to anti-ERK1/2 Ab. Bands were analyzed densitometrically with the use of
ImageJ 64 software downloaded from the National Institutes of Health Web
site. PhosphoERK1/2 data were normalized according to total ERK1/2 and
are presented as fold change in ERK phosphorylation.

ERK activity assay

Treated packed normal and SS RBCs were lysed at 4°C with lysis buffer
(10mM EDTA, 20mM Tris, 110mM NaCl, pH 7.5) containing 2mM PMSF,
1% Triton X-100, phosphatase inhibitor cocktail (Sigma-Aldrich), and
protease inhibitor cocktail (Sigma-Aldrich). ERK1/2 was immunoprecipi-
tated with anti-ERK1/2 antibody at 4°C, and immune complexes were
obtained with protein A-agarose (Amersham Biosciences). ERK1/2 immu-
nocomplex was examined for ERK1/2 activity via the use of MBP at
2 mg/mL (Millipore) as a substrate, and ATP as a phosphate donor with
equal protein amounts per assay condition. Commercial active recombinant
human ERK2 was used (Sigma-Aldrich) as a positive control. The reaction
mixture was incubated for 20 minutes at 30°C, followed by protein
separation and immunoblotting with anti–phospho-MBP mAb (Millipore).

Nonradiolabeled treated RBC ghosts were separated by mass spectrom-
etry and then subjected to label-free quantitative phosphoproteomic analy-
sis after phosphopeptide enrichment (see supplemental Methods, available
on the Blood Web site; see the Supplemental Materials link at the top of the
online article).

Reticulocyte enrichment

Reticulocytes were separated from mature SS RBCs by the use of
anti–transferrin receptor mAb and goat anti–mouse IgG-coated microbead
affinity columns (MACS; Miltenyi Biotec), following the manufacturer’s
instructions.

Flow chamber assays

Graduated height flow chambers were used to quantify RBC adhesion to
HUVECs as previously described.4,27

ICAM-4 phosphorylation and immunoprecipitation

Packed RBCs 32P-labeled as previously described28 were incubated with
phosphatase inhibitor cocktail (Sigma-Aldrich) in the presence or absence
of MEKI, PKAI, or a combination of MEKI and PKAI before 1 or
30 minutes of treatment with epinephrine. Cells were then washed 4 times.
ICAM-4 immunoprecipitation and total and phospho-ICAM-4 detection
were performed as previously described in detail.4 To confirm that the
immunoprecipitates were specific for ICAM-4, anti–ICAM-4 mAb and the
negative control Ig P3 were used to immunoprecipitate ICAM-4 from
nonradiolabeled treated SS RBCs. Blots were immunostained with anti–
ICAM-4 mAb.

Whole-cell cAMP accumulation

Washed, packed RBCs were pretreated with IBMX to define basal cAMP
accumulation, followed by treatment with epinephrine for 1 minute or
30 minutes, or with forskolin. Samples were placed on ice, stimulation was
halted, and cells fixed by the addition of 12.5mM EDTA. Cell samples were
boiled, clarified by centrifugation, and assayed for cAMP content by
radioimmunoassay as described previously.9 Basal cAMP production was
subtracted from the total cAMP produced by the cells. The amounts of
cAMP were then normalized as fmol cAMP/108 RBCs.

Statistical analysis

Data were compared with the use of parametric analyses (GraphPad Prism 4
software), including repeated and nonrepeated measures of ANOVA.
One-way ANOVA analyses were followed by Bonferroni corrections for
multiple comparisons (multiplying the P value by the number of compari-
sons). A P value less than .05 was considered significant.

Results

ERK1/2 is active in SS RBCs and undergoes increased
activation by epinephrine

The cAMP/PKA pathway is known to both promote the abnormal
adhesion of SS RBCs to endothelial cells (ECs)4 and modulate the
MAPK/ERK cascade. Given the importance of abnormal SS RBC
adherence in SCD pathophysiology, we investigated the possibility
that ERK is present and active in SS RBCs and can be induced by
epinephrine. RBC ghosts consisting of membrane fragments pre-
pared from SS and normal (AA) RBCs were first analyzed to
confirm the presence of ERK1/2 and MEK1/2, the upstream kinase
of ERK1/2 activation. MEK1/2 was abundant in both SS and AA
RBCs, whereas ERK1/2 was expressed at greater levels in SS
versus AA RBCs (P � .05, Figure 1A-B). Because ERK1/2 is also
well expressed by platelets and leukocytes, we examined our RBC
suspensions for contamination by other blood cells. Our SS RBC
preparations (0.13 � 0.01 � 106/mL RBCs) showed no contamina-
tion by platelets, but a very low level of contamination by
leukocytes (0.2 � 0.06 � 103/mL) was sometimes detected. How-
ever, when similar numbers of isolated sickle cell patient leuko-
cytes were examined for the presence of ERK1/2, no detectable
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signal was observed (data not shown), demonstrating that the
observed ERK signal was in fact derived from SS RBCs.

Our data also indicated that ERK1/2 is phosphorylated at
baseline in SS RBCs and that the use of epinephrine at a
physiologic “stress” dose (20nM)29 promoted a 2.1- � 0.1-fold
increase in ERK phosphorylation within 1 minute (n � 3; P � .001;
Figure 1C-D). Incubation of SS RBCs with the MEKI U0126,
which specifically inhibits MEK1/2, before epinephrine treatment
significantly inhibited the effect of epinephrine on ERK1/2 phos-

phorylation (P � .001; Figure 1C-D). Because our previous data
indicated that the degree of adhesive response to epinephrine
stimulation varied from patient to patient,4 the effect of epinephrine
on ERK phosphorylation was measured in samples obtained from a
larger group of patients (n � 19). Although a statistically signifi-
cant increase (2- � 0.17-fold) in ERK phosphorylation above basal
levels was observed (P � .05), SS RBCs from only 40% of patients
exhibited more than 1.5-fold elevation in ERK phosphorylation by
epinephrine. These patients were classified as responders. These

Figure 1. ERK undergoes activation in SS but not normal RBCs. (A-B) Fifty micrograms of membrane protein ghosts (SS RBC ghosts, n � 4, lanes: SS1, SS2, SS3, and
SS4; and normal RBC ghosts, n � 4, lanes: AA1, AA2, AA3, and AA4) were used per lane. Western blots of protein ghosts were stained with antibodies against ERK1/2,
glycophorin C as a loading control, and MEK1/2 (n � 3 for SS RBC ghosts, lanes: SS1, SS2, and SS3; and n � 2 for normal RBC ghosts, lanes: AA1 and AA2). (A) ERK1/2 and
MEK1/2 are highly expressed in both SS and normal RBCs and are bound to the RBC plasma membrane. (B) Quantitative analysis of the data (normalized according to
glycophorin C expression) presented as relative ERK1/2 expression compared with normal RBCs (P � .05 for SS vs normal RBCs, n � 4 for each). (C-D) Normal RBCs
(n � 3, lanes: 1, 2, 3, and 4) and SS RBCs (n � 3, lanes: 5, 6, 7, and 8) were sham-treated (lanes 1 and 5), incubated for 1 minute with 20nM epinephrine (epi; lanes 2 and 6),
pretreated with the MEKI, U0126, followed by epi treatment (lanes 4 and 8), or treated with U0126 alone (lanes 3 and 7). Mouse 3T3/A31 fibroblast lysate was used as a positive
control (lane 9). One hundred micrograms of SS and normal RBC ghost proteins were used per lane. Western blots were stained with antibodies against ERK and
phosphoERK. (C) ERK1/2 is phosphorylated at baseline in SS RBCs and undergoes increased phosphorylation by epi stimulation. ERK in normal RBCs was not
phosphorylated and completely failed to undergo increased phosphorylation after epi stimulation. (D) Quantitative analysis of the data is presented as fold change in ERK
phosphorylation. *P � .01 compared with untreated cells. **P � .001 compared with epi-treated SS RBCs. (E-F) ERK immunoprecipitated from sham-treated (lanes: 1, 2, 5,
and 6) and epi-treated (lanes: 3, 4, 7, 8, 11, 12, 13, and 14) SS RBCs was incubated without MBP (lanes: 1, 3, 5, 7, 11 and 13) or with MBP (lanes: 2, 4, 6, 8, 12, and 14) as a
substrate for ERK, with equal protein amounts per assay condition. Commercial active recombinant human ERK2 was incubated without MBP (lanes: 9 and 16) or with MBP
(lanes: 10 and 15) as negative and positive controls, respectively. (E) Immunoblots indicate that the activity of ERK is conserved and functional in SS RBCs and epi can
intensify its activity. SS RBCs obtained from 4 different patients (SS1, SS2, SS3, and SS4) were tested. (F) Quantitative analysis of the data are presented as fold change in
ERK phosphorylation (n � 4). *P � .0286 compared with nontreated cells.
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data suggest that not all patients with SCD are susceptible to
epinephrine-stimulated increased ERK phosphorylation. In con-
trast, ERK1/2 was never found phosphorylated in AA RBCs and
failed to undergo phosphorylation by epinephrine (Figure 1C).

To confirm that phosphorylation was indeed an indicator of
ERK activation, we tested the activity of ERK1/2 isolated from
both sham-treated and epinephrine-treated SS and normal RBCs
using MBP as a substrate for ERK in the presence of inhibitors of
PKA, PKC, Ca2�/calmodulin-dependent kinase, and p34cdc2 kinase
to prevent nonspecific MBP phosphorylation by these enzymes.30

ERK1/2 immunoprecipitated from sham-treated SS RBCs was
capable of phosphorylating MBP (Figure 1E-F). MBP phosphoryla-
tion by ERK1/2 immunoprecipitated from epinephrine-treated SS
RBCs increased 2.1- � 0.3-fold compared with MPB phosphoryla-
tion induced by ERK1/2 isolated from sham-treated cells (n � 4;
P � .0286; Figure 1E-F). In contrast, ERK1/2 immunoprecipitated
from either sham-treated or epinephrine-treated normal RBCs
completely failed to phosphorylate MBP (n � 4; data not shown).
These data indicate that ERK1/2 is active at baseline in SS RBCs
and that epinephrine can augment this activity.

ERK1/2 activation in SS RBCs acts downstream of the
cAMP/PKA signaling pathway

Forskolin, which directly activates AC to produce cAMP, increased
ERK1/2 phosphorylation in SS RBCs, which was in turn prevented

by U0126. These data suggest that cAMP-stimulated ERK activation is
MEK dependent in the sickle cell samples tested (Figure 2A).

PKA, which acts downstream of cAMP, was also involved in
ERK phosphorylation. Treatment of SS RBCs with the PKA-
specific inhibitor (PKAI), 14-22 amide at 30nM, a concentration
known to optimally inhibit PKA in SS RBCs, completely blocked
the effect of epinephrine on ERK phosphorylation (P � .01, n � 3;
Figure 2B). PKAI and the MEKI U0126 combined also completely
blocked ERK phosphorylation in response to epinephrine stimula-
tion (P � .01; Figure 2B). These data suggest that ERK1/2
activation in SS RBCs is dependent on the cAMP/PKA pathway.

In some instances, �2AR activation uses a G�i (or G�o)
pathway to stimulate ERK activity.7-9 We investigated whether
epinephrine-stimulated �2AR-mediated ERK activation in SS
RBCs also involved the G�i using PTx, which inhibits G�i-
signaling. Inhibition of G�i with 1 or 2 �g/mL PTx alone
significantly increased basal phosphorylation of ERK1/2 by 2.04-
� 0.1-fold and 2.53- � 0.11-fold, respectively, and combining PTx
with epinephrine produced no additional effect (Figure 2C,
P � .001). These results suggest that increased ERK1/2 phosphor-
ylation in these SCD patient samples is negatively affected by G�i

activation or because of the direct actions of PTx.
Because direct or indirect involvement of cytoplasmic tyrosine

kinases in activation of MEK cascades has also been demon-
strated,31,32 we evaluated the contribution of tyrosine kinase-

Figure 2. ERK activation in SS RBCs involves the
cAMP/PKA pathway and the tyrosine kinase p72syk

and is sensitive to the effect of G�i protein. SS RBCs
(A-D), and reticulocyte-enriched and -depleted (mature)
SS RBCs (E) were sham-treated, treated with forskolin
(A), epi (B-C), PKAI, 14-22 amide, (B), or PTx (C-D) in the
presence or absence of the MEKI U0126 (A,B,D), picea-
tannol (D) or damnacanthal (D). RBC proteins were
blotted with antibodies against ERK and phosphoERK.
Quantitative analysis of the blots is presented as fold
change in ERK phosphorylation. (A-B) ERK undergoes
phosphorylation via the cAMP/PKA pathway. (A) ERK
undergoes increased phosphorylation after RBC incuba-
tion with forskolin, which is inhibited by U0126 (n � 3).
*P � .05 compared with untreated cells. **P � .01 com-
pared with forskolin-treated SS RBCs. (B) Phosphoryla-
tion of ERK is increased by epi, and this increase was
abrogated by either 14-22 amide or U0126 (n � 3).
*P � .01 compared with untreated cells. **P � .01 com-
pared with epi-treated SS RBCs. (C) ERK phosphoryla-
tion in SS RBCs is enhanced by inactivation of the G�i

protein. PTx at either 1 or 2 �g/mL increased basal ERK
phosphorylation (n � 9). *P � .001 compared with non-
treated cells; †P � .05 compared with epi-treated SS
RBCs. (D) The tyrosine kinase p72syk is implicated in
ERK phosphorylation. PTx at 2 �g/mL up-regulated ERK
phosphorylation, an effect that was blocked by piceatan-
nol. Conversely, damnacanthal failed to block ERK phos-
phorylation induced by PTx (n � 3). *P � .01 compared
with untreated cells. **P � .01 compared with PTx-
treated SS RBCs. (E) ERK1/2 is phosphorylated at
baseline in both reticulocyte-enriched and reticulocyte-
depleted (mature) SS RBCs (n � 2).
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induced signaling to RBC ERK1/2 phosphorylation. ERK1/2 was
phosphorylated at baseline in sham-treated SS RBCs (Figure 2D).
Treatment with 2 �g/mL PTx markedly increased ERK1/2 phos-
phorylation. Damnacanthal, a highly potent and selective inhibitor
of the tyrosine kinase p56lck,33 did not abrogate ERK phosphoryla-
tion in response to PTx (Figure 2D). However, piceatannol, which
preferentially inhibits the tyrosine kinase p72syk versus p56lyn,
completely blocked the effect of PTx on ERK phosphorylation.
Once more, U0126 blocked the effect of PTx on ERK1/2 phosphor-
ylation. These data suggest that the piceatannol-sensitive tyrosine
kinase p72syk also plays a role in SS RBC ERK1/2 activation.

To determine whether ERK1/2 is active only in the youngest
cell population (reticulocytes), reticulocyte-enriched and -depleted
(mature) SS RBCs were analyzed for kinase phosphorylation. Flow
cytometric analysis showed that up to 15% of unseparated SS
RBCs expressed the transferrin receptor, a reticulocyte marker.
After separation, 	 95% of the reticulocyte-enriched cells ex-
pressed the transferrin receptor, whereas the reticulocyte-depleted
population reacted with the anti–transferrin receptor antibody no
more strongly than with the negative control Ig (data not shown).
ERK1/2 was strongly phosphorylated in both reticulocyte-enriched
and reticulocyte-depleted cells (n � 2; Figure 2E), suggesting
that ERK activity is preserved in both reticulocytes and mature
SS RBCs.

ERK1/2 is involved in SS RBC adhesion to endothelial cells and
is implicated in phosphorylation of the RBC adhesion receptor
ICAM-4 (Landsteiner-Wiener blood group antigen)

Because the pharmacologic agents epinephrine and forskolin can
modulate both SS RBC adhesion to ECs4 and ERK activation, we
determined the contribution of MEK/ERK signaling to RBC
adhesion. Epinephrine significantly up-regulated SS RBC adhesion
to HUVECs at a shear stress of 2 dynes/cm2 in intermittent flow
condition assays (P � .001; Figure 3A). However, U0126 com-
pletely inhibited the effect of epinephrine on SS RBC adhesion
(P � .001). Treatment of SS RBCs with U0126 alone also blocked
SS RBC adhesion to HUVECs (91% � 4.6% inhibition) compared
with adhesion of sham-treated SS RBCs (P � .01).

Similarly, forskolin also enhanced SS RBC adhesion to
HUVECs at a shear stress of 2 dynes/cm2 (P � .001, n � 3; Figure
3B), and this effect was blocked by U0126 (83% � 4% inhibition,
compared with increased adhesion by forskolin alone; P � .01).
This finding suggests that the MEK/ERK pathway contributes to
the up-regulation of SS RBC adhesive function to ECs.

We further explored the possibility that ERK signaling is
involved in ICAM-4 (Landsteiner-Wiener blood group antigen;
LW) phosphorylation, which mediates RBC adhesion to ECs.4

Up-regulation of SS RBC adhesion to nonactivated ECs requires

Figure 3. ERK signaling modulates both SS RBC adhesion to endothelial cells and ICAM-4 phosphorylation. (A-B) Activation of ERK signaling up-regulates SS
RBC adhesion to the endothelium. SS RBCs were sham-treated, stimulated with epi for 1 minute or forskolin, preincubated with U0126 followed by epi or forskolin, or
treated with U0126 alone. Adhesion of SS RBCs to HUVECs was tested in intermittent flow condition assays. Results are presented as percent adherent SS RBCs at a
shear stress of 2 dynes/cm2. Error bars show SEM of 4 different experiments. (A) *P � .001 compared with sham-treated; **P � .001 compared with epi-treated.
(B) *P � .001 compared with sham-treated; **P � .001 compared with forskolin-treated. (C-D) The MEK/ERK signaling cascade is involved in ICAM-4 (LW) serine
phosphorylation. (C) Inorganic 32P-radiolabeled intact SS RBCs were incubated in the absence (lane 1) or presence (lanes 2, 3, 4, 5, and 6) of serine/threonine protein
phosphatase inhibitors (SPI), followed or not (lanes 1 and 2) by treatment with epi (lanes 3, 4, 5, and 6). In lanes 4, 5, and 6, SS RBCs were preincubated with SPI in
presence of PKAI, MEKI, or PKAI � MEKI followed by epi treatment, respectively. The counts per minute (cpm) are representative of 3 different experiments, calculated
by subtraction of cpm present in a lane (not shown) containing immunoprecipitates using immunoglobulin P3 from cpm obtained using anti-LW (ICAM-4) mAb for
immunoprecipitation under each set of conditions indicated. *P � .05 and *P � .001 for SPI-treated and SPI � epi-treated vs sham-treated, respectively; **P � .001
compared with SPI � epi-treated SS RBCs. Total LW loaded in each lane was detected with the use of nitrocellulose membranes of phosphorylated LW blotted with
anti-LW mAb. (D). SS RBCs were incubated without (lanes 1 and 3) or with epi (lanes 2 and 4). Lanes 1 and 2 were immunoprecipitated with P3. Lanes 3 and 4 were
immunoprecipitated with anti-LW mAb; all lanes for panel D were immunostained with anti-LW mAb.
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serine phosphorylation of the ICAM-4 receptor.4 PhosphorImager
analysis of immunoprecipitated 32P-radiolabeled ICAM-4 and
negative control immune complexes demonstrated that ICAM-4 of
nonstimulated SS RBCs (Figure 3C, lane 1) is modestly phosphor-
ylated as previously shown. Treatment of SS RBCs with serine
phosphatase inhibitors (SPIs; lane 2) increased ICAM-4 phosphor-
ylation by 3.7- � 0.46-fold (P � .05, n � 3), suggesting that
increased ICAM-4 phosphorylation is a result of serine phosphory-
lation, as tyrosine phosphatase inhibitors were not present. These
findings were similar to the effects of epinephrine; although SPI
stimulation induced a significant increase (2.62- � 0.6-fold) in
ICAM-4 phosphorylation above baseline in a larger group of
patients (n � 8; P � .05), only one-half of all SS RBC samples
exhibited � 2-fold elevation in ICAM-4 phosphorylation in re-
sponse to SPI. Epinephrine in the presence of SPI had a stronger
effect on ICAM-4 phosphorylation (7.4- � 1.07-fold increase over
sham-treated SS RBCs; P � .001; lane 3). Treatment of SS RBCs
with either the PKAI or U0126 (lanes 4 and 5, respectively)
significantly decreased the combined effect of epinephrine and SPI
on ICAM-4 phosphorylation compared with cells treated with
epinephrine alone (P � .001; lane 3). Treatment of SS RBCs with
both PKAI and MEKI completely blocked epinephrine and SPI
from up-regulating phosphorylation of ICAM-4 (P � .001; Figure
3C lane 6).

Immunoblots of 32P-radiolabeled ICAM-4 immunoprecipi-
tates from stimulated and nonstimulated SS RBCs (Figure 3C)
indicated that a similar amount of ICAM-4 was immunoprecipi-
tated from these cells. Control immunoblots of immunoprecipi-
tated ICAM-4 and the negative control complexes immunopre-
cipitated with P3 from stimulated and nonstimulated SS RBCs
are shown in Figure 3D.

To define whether ICAM-4 is a substrate for ERK, we used
nontreated packed normal RBCs as a source of ICAM-4 because
ERK is inactive in these cells (Figure 1A) and ICAM-4 is not
phosphorylated at baseline.4 Exposure of immunoprecipitated
ICAM-4 to active recombinant ERK2 did not cause ICAM-4
phosphorylation, indicating that ICAM-4 is not a substrate for ERK
(data not shown). Together, our data demonstrate that ICAM-4 in
SS RBCs undergoes serine phosphorylation by a yet unknown
kinase and that this process is PKA and MEK/ERK1/2 dependent.

SS RBC adhesion is strictly related to the inception of ERK
activation

Epinephrine significantly increased SS RBC adhesion to HUVECs
under both intermittent and constant flow conditions after 1 minute
of exposure (P � .001 for each condition), whereas adhesion
decreased after 30 minutes’ cell exposure to epinephrine (mean
decrease of all samples � 56% � 1.5% and 73% � 4.7% for
intermittent and constant flow conditions, respectively; P � .001
for each; Figure 4A-B). In contrast, epinephrine treatment for either
1 or 30 minutes, had minimal effect on normal RBC adhesion to
HUVECs under either intermittent or constant flow conditions
(Figure 4A-B).

We also examined the effect of exposure time of SS RBCs to
epinephrine on cAMP production, which appears to act upstream of
ERK1/2. Basal cAMP in normal RBCs from healthy donors was
significantly lower than basal cAMP in SS RBCs (P � .0187;
Figure 4C). In approximately 50% of the samples examined
(n � 19), incubation of SS RBCs with epinephrine for 1 minute
resulted in accumulation of high levels of intracellular cAMP
comparable with the levels of cAMP induced by forskolin treat-
ment for 30 minutes. Although the cAMP response to epinephrine

(1-minute exposure time) varied among patients, as previously
described,34 cAMP levels uniformly declined with 30 minutes
exposure time of SS RBCs to epinephrine (P � .05; Figure 4C).
Epinephrine exposure for 1 minute had lower effect on cAMP
accumulation in normal RBCs (n � 12) than in SS RBCs (Figure
4C) as previously shown.

In addition, although a 1-minute exposure of SS RBCs to
epinephrine markedly increased ERK phosphorylation (P � .01 for
epinephrine-treated for 1 minute vs sham-treated), ERK phosphor-
ylation decreased after a 30-minute exposure (P � .01 for
epinephrine-treated for 1 minute vs 30 minutes) to levels observed
in sham-treated cells (P 	 .05 for epinephrine-treated for 30 minutes
vs sham-treated; Figure 4D-E).

ICAM-4 phosphorylation also decreased with longer exposure
time (30 minutes vs 1 minute) of SS RBCs to epinephrine
(Figure 4F). PhosphorImager analysis of immunoprecipitated
32P-radiolabeled ICAM-4 and negative control immune complexes
showed that treatment of SS RBCs with epinephrine for 1 minute in
the presence of SPI (lane 2) enhanced ICAM-4 phosphorylation by
1.84- � 0.15-fold over sham-treated cells (lane 4, P � .01). Thirty
minutes exposure of SS RBCs to epinephrine in the presence of SPI
(lane 3) significantly diminished the effect of epinephrine and SPI
on ICAM-4 phosphorylation compared with cells treated with
epinephrine for 1 minute (lane 2, P � .05). Altogether, these data
indicate that exposure time to epinephrine influences all these
downstream effects—SS RBC adhesion, cAMP levels and phosphor-
ylation of both ERK1/2 and ICAM-4—in a parallel fashion,
suggesting that the time course of up-regulation of ICAM-4–
mediated SS RBC adhesion is closely associated with the extent of
ERK1/2 activation.

To identify potential proteins involved in regulation of the ERK
pathway, a label-free quantitative phosphoproteomics analysis of
RBC ghosts isolated from SS and normal RBCs treated with
epinephrine for 1 and 30 minutes was undertaken. SS RBCs treated
with epinephrine for 30 minutes showed a dramatic decrease in
phosphorylation of serine 310 within adenylate cyclase-associated
protein 1 (CAP1) compared with cells stimulated with epinephrine
for 1 minute (
4.3-fold, P � 1.54 � 10
5; Figure 4G). Con-
versely, AA RBCs exposed to epinephrine for 30 minutes showed
an enhancement in phosphorylation of the CAP1 serine versus
1-minute epinephrine exposure (�1.4-fold, P � .008). Threonine
307 within CAP1 also underwent a smaller yet statistically
significant decrease in phosphorylation in SS RBCs exposed to
epinephrine for 30 minutes versus 1 minute epinephrine exposure
(
1.4-fold, P � 4.92 � 10
7). Our data indicate that exposure to
epinephrine for a prolonged period of time negatively affects
phosphorylation of CAP1 in SS but not in AA RBCs. Adenylate
cyclase-associated proteins (CAPs) are known to regulate AC
activation to increase cAMP levels under specific environmental
conditions. We therefore suggest that a decrease in CAP1 phosphor-
ylation in SS RBCs might down-regulate AC activity in these cells,
negatively affecting signaling downstream of ERK.

ERK signaling is implicated in phosphorylation of protein 4.1

A label-free quantitative phosphoproteomics analysis was also
performed to identify additional putative downstream targets of
ERK by adding recombinant active ERK2 to RBC ghosts isolated
from SS and normal RBCs. Because endogenous ERK is active at
baseline in SS but not normal RBCs (Figure 1), SS RBCs were
treated with U0126 before incubation of the ghosts with recombi-
nant ERK2. We found that phosphorylation of protein 4.1 was
induced in the presence of recombinant ERK2. Treatment of SS
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RBCs with U0126 resulted in a significant decrease (
1.7-fold,
P � 1.01 � 10
6) of a Ser540/Ser542 doubly phosphorylated
peptide within protein 4.1 (Figure 5). The addition of recombinant
ERK2 to the U0126-treated SS RBC ghosts increased the abun-
dance of this phosphopeptide (�1.7-fold, P � 8.06 � 10
14) back
to levels observed in untreated SS RBCs, indicating the specificity
of ERK2 as the upstream kinase. As expected, treatment of AA
RBCs with U0126 did not induce a decrease of this doubly
phosphorylated peptide within protein 4.1 because endogenous
ERK is inactive in these cells. However, the complementary trend
for this phosphorylated peptide was observed on the addition of
recombinant ERK2 to untreated and U0126-treated AA RBC
ghosts, for which an increase of 2.1-fold (P � 1.5 � 10
12 for

untreated AA RBCs vs untreated AA RBCs � ERK2) and 1.7-fold
(P � 4.6 � 10
6 for U0126-treated AA RBCs vs U0126-treated
AA RBCs � ERK2) were measured, respectively.

To confirm that the measured changes in phosphorylated
peptide levels were not the result of a difference in protein level
between these treatment conditions, a nonphosphopeptide-enriched
proteomic analysis of AA RBC ghosts and AA RBC ghosts
coincubated with recombinant ERK2 was performed and con-
firmed that protein 4.1 levels were similar between the 2 conditions
(supplemental Figure 1A). This finding indicates that the observed
changes in phosphopeptide abundance results from upstream
kinase activity. Similar results were obtained when SS RBC ghosts
and SS RBC ghosts coincubated with recombinant ERK2 were

Figure 4. SS RBC adhesion is associated with the extent of ERK activation. (A-B) Adhesion of SS RBCs to endothelial cells is related to the duration of cell stimulation with
epinephrine. Adhesion of RBCs to HUVECs was tested in both intermittent flow and flowing condition assays, and results are presented as precent adherent RBCs at a shear
stress of 2 dynes/cm2 and number of adherent RBCs/mm2, respectively. Normal and SS RBCs were sham-treated, or stimulated with epi for 1 minute or 30 minutes. *P � .001
compared with sham-treated SS RBCs; **P � .001 compared with epi-treated SS RBCs. Error bars show SEM of 4 different experiments. (C) cAMP production in SS RBCs is
associated with the time of cell stimulation with epinehprine. RBCs were treated with IBMX (for basal cAMP levels), followed or not with epi (for 1 minute or 30 minutes) or
forskolin. The specific effect of epi and forskolin on cAMP accumulation was obtained by subtracting basal cAMP levels from the total cAMP levels. The basal cAMP production
and specific amounts of cAMP because of epi or forskolin stimulation were normalized as fmol cAMP/108 RBCs. (D-E) ERK phosphorylation is dependent on the time of SS
RBC exposure to epinephrine. SS RBCs were sham-treated or treated with epi for 1 or 30 minutes, U0126, or U0126 followed by epi for 1 or 30 minutes. Immunoblots of RBC
proteins with antibodies against ERK and phosphoERK (D) and quantitative analysis of the data presented as fold change in ERK phosphorylation (E) are shown. ERK
underwent increased phosphorylation after 1 minute exposure to epi, whereas phosphorylation decreased with longer (30 minutes) cell exposure to epi (n � 4). *P � .01
compared with nontreated cells; **P � .01 and **P � .001 for epi-treated for 30 minutes and U0126�epi-treated for 1 minute versus cells treated with epi for 1 minute,
respectively (E). (F) Inorganic 32P radiolabeled intact SS RBCs were incubated in the presence (lanes 1, 2, and 3) or absence (lane 4) of SPI, followed (lanes 2 and 3) or not
(lane 1) by treatment with epi for 1 minute (lane 2) or 30 minutes (lane 3). The cpm are representative of 3 different experiments, calculated by subtraction of cpm present in a
lane (not shown) containing immunoprecipitates using immunoglobulin P3 from cpm obtained using anti-LW (ICAM-4) mAb for immunoprecipitation under each set of
conditions indicated. *P � .01 compared with sham-treated; †P � .05 compared with SPI � epi (30 minutes)–treated SS RBCs. (G) Prolonged cell exposure to epinephrine
negatively affects phosphorylation of adenylate cyclase-associated protein 1. RBC ghosts isolated from SS and normal RBCs treated with epi for 1 and 30 minutes were
enriched in phosphopeptides and then subjected to a label-free quantitative phosphoproteomics analysis. Phosphorylation of both serine and threonine on CAP1 in SS RBCs
decreased with increased time (1 minute vs 30 minutes) of cell exposure to epi, whereas an increase in the abundance of these phosphopeptides was observed in normal (AA)
RBCs after 30 minutes exposure to epi. Each data point is an average of 3 analytical replicate measurements with error bars indicating SD.
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analyzed (supplemental Figure 1B). Collectively, these data further
strengthen our findings that ERK is active in SS RBCs, and suggest
that activation of the ERK cascade induces phosphorylation of the
cytoskeletal protein 4.1.

Recombinant active ERK2 phosphorylates the ERK consensus
motif on dematin and adducins � and �

To identify ERK substrates in RBCs, all phosphopeptide sequences
within the dataset identified when active recombinant ERK2 was
added to RBC ghosts were searched for the known ERK consensus
motif, [PV]x[pST]P. Adducin-� and -�, and dematin contained 9,
7, and 1 unique phosphorylated peptide, respectively, with phosphor-
ylation of residues within the ERK consensus motif. Only the
statistically significant phosphopeptides with fold-changes of
	 1.5 are listed in Table 1. These peptides underwent a significant
increase in phosphorylation in AA RBCs when recombinant ERK2
was added to the ghosts, whereas a decrease in phosphorylation of
these phosphylated peptides was observed in U0126-pretreated SS
RBCs (Table 1). This finding suggests that the cytoskeletal proteins
adducins � and � and dematin are substrates for ERK in RBCs.

Discussion

Our data show that the extracellular signal-regulated kinase
(ERK1/2) is active in enucleated sickle red cells and that triggering
this kinase promotes activation of signaling pathways and conse-
quent RBC adhesion to the endothelium. We propose that stimula-
tion of �2ARs on SS RBCs by epinephrine for a brief period of time
can increase activation of the ERK1/2 signaling cascade, which we

show is involved in phosphorylation of the RBC adhesion receptor
ICAM-4 and protein 4.1. We also demonstrate that the ERK
consensus motifs on dematin and �- and �-adducins undergo
increased serine phosphorylation, indicating that these cytoskeletal
proteins are direct substrates for ERK.

ERK has been implicated in erythropoietin-induced erythroid
its cell proliferation and survival,35 and we have now demonstrated
that the activity of this kinase and its upstream signal are conserved
in SS RBCs. ERK1/2 is abnormally functional at baseline in all SS
RBCs (unseparated, reticulocyte-enriched, and mature). Activation
of this kinase can be enhanced within 1 minute of SS RBC
exposure to epinephrine. However, the increase in ERK activity by
epinephrine did not occur in all SCD patient samples tested,
probably attributable at least in part to the inability of epinephrine
to increase cAMP production in all SCD patient samples tested.34

In contrast, despite the abundance of both ERK1/2 and its upstream
kinase MEK1/2 in normal RBCs, ERK immunoprecipitated from
these cells was never found active at baseline, and epinephrine
failed to stimulate its activation, suggesting that ERK activity is
lost in normal RBCs. Indeed, investigators have previously
described that RBCs undergo maturation-related loss of multiple
protein kinase activities, including PKA, PKC, and casein
kinases.36 In contrast, although SS RBCs are fully differentiated,
preservation of ERK activities and its downstream signaling molecule
appears to be necessary for abnormal RBC adhesive function.

Our data further implicate involvement of PKA as an upstream
mediator in activation of ERK and its downstream signal transduc-
tion pathway. Our findings are consistent with studies by Schmitt
and Stork7 in which they demonstrated that isoproterenol stimula-
tion of endogenous �2ARs activated ERK in HEK293 cells via a

Figure 5. Phosphorylation of protein 4.1 is induced
via the ERK signaling pathway. Sham-treated or U0126-
treated SS and normal (AA) RBCs ghosts coincubated
with or without recombinant active ERK2 (ERK2) were
enriched in phosphopeptides, followed by a label-free
quantitative phosphoproteomics analysis. Treatment of
SS RBCs with U0126 caused a significant decrease in
doubly phosphorylated peptide within protein 4.1. The
addition of ERK2 to the U0126-treated SS RBC ghosts
increased the abundance of this phosphopeptide back to
levels observed in untreated SS RBCs. The complemen-
tary trend for this phosphorylated peptide was also
observed on the addition of ERK2 to AA RBCs sham-
treated or U0126-treated.

Table 1. Motif-specific phosphorylation by active recombinant ERK2

Protein
description Modified peptide sequence

Phospho-
residue

AA � ERK2
vs AA P

SS � U012
6 vs SS P

�-adducin 355-�pS�PG�pS�PVGEGTGSPPK-369 S355, S358 
1.71 .035 1.47 .122

�-adducin 661-EEEAHRPP�pS�PTEAPTEASP S669, S707 
1.69 .025 1.60 .074

EPAPDPAPVAEEAAPSAVEEGAA

ADPG�pS�DGSPGK-713

�-adducin 584-ETAPEEPG�pS�PAK�pS�AP S592, S596, 
2.36 4.21 � 10
06 1.91 3.87 � 10
09

A�pS�PVQSPAK-607 S600

�-adducin 584-ETAPEEPGSPAK�pS�APA�pS�PV S596, S600 1.75 .020 1.82 .018

QSPAK-607

�-adducin 584-ETAPEEPG�pS�PAK�pS�APA S592, S596 1.68 .037 1.68 .010

SPVQSPAK-607

Dematin 90-�pS�TSPPP�pS�PEVWADSR-104 S90, S96 
1.76 9.46 � 10
09 1.48 4.98 � 10
04

Fold changes in phosphorylation for peptides containing the ERK consensus motif �PV�x�pST�P were presented. Phopshorylation is up-regulated in healthy RBCs (AA)
with addition of active ERK2 and down-regulated in SS RBCs (SS) with addition of the MEK inhibitor U0126.
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cAMP-dependent PKA pathway. Interestingly PTx, which inacti-
vates G�i, increased ERK phosphorylation/activation in SS RBCs,
suggesting that G�i negatively impacts this signal. Furthermore, we
also identified a role for the tyrosine kinase p72Syk in activation of
ERK in SS RBCs while excluding involvement of p56lck-related
Src family tyrosine kinases. Thus, in SS RBCs, PKA and the
tyrosine kinase p72Syk appear to be important for ERK activation,
acting most likely in concert to regulate the MEK/ERK signaling
pathway.

The engagement of epinephrine-stimulated ERK in regulation
of SS RBC adhesion to the endothelium implies that the MEK/ERK
signal can promote an adhesive, vaso-occlusive pathology. It is also
apparent from our data that epinephrine-induced adhesion of SS
RBCs to nonactivated endothelial cells requires ICAM-4 phosphor-
ylation, which occurs via the PKA/ERK signaling pathway.
Furthermore, the adhesive function of SS RBCs appeared to be
related to the extent of ERK and ICAM-4 phosphorylation/
activation because all 3 similarly increased or decreased depending
on the time of cell exposure to epinephrine. In addition, basal
cAMP levels, the upstream effector of MEK/ERK, were much
greater in SS RBCs than in normal cells, suggesting that the
increased level of cAMP in SS RBCs reflects at least in part the
persistence of the abnormal ERK activation and RBC adhesive
phenotype. However, although epinephrine increased cAMP levels
in only 50% of the SCD patient samples tested, cAMP production,
which seems to be needed to activate ERK signaling in these sickle
cells, was also influenced by the duration of cell exposure to
epinephrine. This may be explained at least in part by the dramatic
decrease in the abundance of phosphopeptides within CAP1 in SS
RBCs because of continued cell exposure to epinephrine stimula-
tion. PKA might also exert a negative feedback loop through
activation of phosphodiesterases, resulting in cAMP hydrolysis
switching off downstream signaling because of the extended cell
exposure to epinephrine.37

CAPs are not only involved in AC association but in actin
binding, SH3 binding, and cell morphology maintenance as
well.38,39 Previous observations of increased normal RBC mem-
brane filterability after epinephrine treatment for 20 minutes40

explain the enhanced phosphorylated CAP1 in normal RBCs after

30 minutes of epinephrine exposure. Furthermore, Shain et al
suggested that maintenance of altered cell morphology required
persistent increased cAMP levels because of continuous �AR
stimulation.41 In contrast, our data suggest that when an increase in
ERK activation occurs within 1 minute of cell exposure to epineph-
rine, persistent �2AR stimulation has a negative effect on ERK
activation and consequently on RBC adhesive function.

Label-free quantitative phosphoproteomics analysis implicates
protein 4.1, dematin, and �- and �-adducins as putative down-
stream targets of ERK in RBCs. Dematin is also a known substrate
for PKC and PKA, and PKA-induced dematin phosphorylation
completely abolishes its actin bundling capability.42,43 Alterna-
tively, rapid phosphorylation of �- and �-adducins by PKC at
Ser-726 and Ser-713, respectively,44 leads to decreased F-actin
capping and dissociation of spectrin from actin, implicating
adducin phosphorylation in cytoskeletal remodeling.45 Investiga-
tors have also shown that protein 4.1 phosphorylation, induced by
cAMP-dependent kinase at Ser-331 and PKC at Ser-312 docu-
mented after 20 minutes of cell stimulation,44 results in a signifi-
cant reduction both in the ability of protein 4.1 to promote spectrin
binding to F-actin and in spectrin-protein 4.1 binding.46 Thus,
phosphorylation of cytoskeletal proteins by ERK in SS RBCs may
also lead to cytoskeletal disorganization, which in turn, could
potentially render ICAM-4 accessible to undergo phosphorylation
to mediate adhesion to the endothelium, or affect its adhesiveness
via an as yet undetermined kinase. In fact, cell adhesion can be
regulated by an intricate network of signaling molecules, which are
responsible for guiding their interaction with substrate mainly via
cytoskeleton rearrangement.47 A schematic overview of the pro-
posed increased activation of ERK signaling pathway in SS RBCs
is shown in Figure 6.

In summary, although aberrant ERK activation arises in a wide
range of pathologies, this report is the first that implicates atypical
ERK activation in SS RBCs and its involvement in the abnormal
RBC adhesion to the endothelium. Abnormal activation of ERK in
SS RBCs could be associated with the pathophysiology of SCD,
making the MEK/ERK pathway a potential therapeutic target for
preventing and treating vaso-occlusion.

Figure 6. Schematic depiction of proposed increased
activation of ERK signaling pathway in SS RBCs.
Epinephrine stimulates �2ARs on SS RBCs. �2ARs are
prototypic G-coupled receptors whose signaling is largely
mediated by activation of stimulatory GTP-binding pro-
teins (Gs proteins), and inhibited by activation of G�i

protein. Activation of Gs proteins in turn activates AC,
leading to generation of cAMP, and the subsequent
activation of PKA. The activity of downstream signaling
proteins, such as MEKs and ERKs is enhanced by PKA
activation. The tyrosine kinase p72Syk acts synergistically
with PKA to activate MEK/ERK cascade. Activation of
ERK results in phosphorylation of the ERK consensus
motif on the cytoskeletal proteins �- and �-adducins,
dematin, and protein 4.1, albeit not at the ERK consen-
sus motif. Phosphorylation of cytoskeletal proteins may
result in cytoplasmic membrane protein conformational
changes, which could render ICAM-4 accessible to
phosphorylation.
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