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Abstract
Objective—The function of neutrophils as primary mediators of innate immunity depends on the
activity of granule proteins and critical components of the NADPH oxidase complex. Expression of
their cognate genes is regulated during neutrophil differentiation by a complex network of
intracellular signaling pathways. In this study we have investigated the role of two members of the
calcium/calmodulin-dependent protein kinase (CaMK) signaling cascade, CaMKI-like kinase
(CKLiK) and CaMKKα, in regulating neutrophil differentiation and functional activation.

Materials and Methods—Mouse myeloid cell lines were used to examine the expression of a
CaMK cascade in developing neutrophils and to examine the effects of constitutive activation versus
inhibition of CaMKs on neutrophil maturation.

Results—Expression of CaMKKα was shown to increase during neutrophil differentiation in
multiple cell lines, whereas expression of CKLiK increased as multipotent progenitors committed
to promyelocytes but then decreased as cells differentiated into mature neutrophils. Expression of
constitutively active CKLiKs did not affect morphologic maturation, but caused dramatic decreases
in both respiratory burst responses and chemotaxis. This loss of neutrophil function was accompanied
by reduced secondary granule and gp91phox gene expression. The CaMK inhibitor KN93 attenuated
cytokine-stimulated proliferative responses in promyelocytic cell lines, and inhibited the respiratory
burst. Similar data were observed with the CaMKKα inhibitor, STO-609.

Conclusions—Overactivation of a cascade of CaMKs inhibits neutrophil maturation, suggesting
that these kinases play an antagonistic role during neutrophil differentiation, but at least one CaMK
is required for myeloid cell expansion and functional activation.
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Introduction
Neutrophils are an essential component of the innate immune response and mobilize in
response to tissue infections or inflammation. However, the destructive nature of proteolytic
enzymes and reactive oxygen species (ROS) released by activated neutrophils can have
devastating affects on uninfected or inflamed tissues. For example, neutrophils responding to
pro-inflammatory cytokines contribute to the pathogenesis of multiple forms of chronic
synovitis (e.g. rheumatoid arthritis, reviewed in [1]), and play a role in cardiac injury during
reperfusion of ischemic tissue following acute myocardial infarction (reviewed in [2]).
Understanding the signaling pathways that control the proper differentiation and functional
activation of neutrophils is critical to designing clinically relevant strategies to regulate
neutrophil numbers and/or functional responses. One signaling pathway that may play a
significant role in neutrophil biology is the Ca2+/calmodulin-dependent protein kinase (CaMK)
cascade. CaMKs are multifunctional serine/threonine kinases that contain a carboxyl-terminal
autoinhibitory domain located adjacent to a Ca2+/calmodulin (Ca2+/CaM) binding site [3,4].
In the absence of Ca2+/CaM, these kinases are folded such that the autoinhibitory domain
inactivates the catalytic domain [5]. Upon binding Ca2+/CaM, the autoinhibitory domain is
released and the catalytic domain becomes active. Full activation of several family members,
including CaMKI and CaMIV, also requires phosphorylation by CaMKK, thereby establishing
a CaMK cascade [6,7].

Multiple studies have demonstrated the importance of Ca2+ signaling in mediating neutrophil
functional responses [8–11], but whether the CaMKs activated by Ca2+ play a positive or
negative role in the maturation and/or functional activation of neutrophils is currently unclear.
Studies by our and Dr. Paul Coffer’s laboratories have shown that i) both CaMKKα and the
CaMKI homologue, CaM kinase I-like Kinase (CKLiK), are upregulated during neutrophil
development, ii) CKLiK activity is enhanced by CaMKKα in vitro, and iii) CKLiK activity is
required for certain neutrophil functional responses [12–14]. However, other studies have
demonstrated that CaMK inhibitors KN-93 and KN-62 can induce the differentiation of
multiple leukemic myeloid cells (e.g. HL-60 and NB4) towards mature neutrophils [15–17].
Furthermore, recent studies by Dr. Steven Collin’s group demonstrated that CaMKIIγ directly
inhibits RARα transcriptional activity [16,17]. Together these studies suggest that at least one
CaMK, e.g. CKLiK, is required for functional responses, but that certain CaMKs can play
antagonistic roles during neutrophil maturation.

In the present study, we investigated the possible roles for CaMKKα and its putative target
CKLiK in murine neutrophil differentiation using the well-characterized myeloid EML/EPRO
cell line [18,19]. We first evaluated the expression of mouse CaMKKα and CKLiK in EML
cells as they differentiate towards promyelocytic EPRO cells and then into mature neutrophils.
We then compared this expression to that seen during the differentiation of a newly generated
model of neutrophil differentiation, SCF ER-Hoxb8 cells [20]. Constitutively active forms of
CaMKKα or CKLiK were then overexpressed in EML cells, and changes in the differentiation
and functional activation of derived cells were examined. Our data demonstrate that
constitutive activation of either CaMK does not affect morphologic maturation but inhibits the
respiratory burst. We also demonstrate that expression of constitutively active CKLiK inhibits
chemotaxis and late neutrophil-specific gene expression. Our observed effects of CaMK
inhibitors on the growth and function of mouse myeloid cell lines also demonstrate that,
although CaMKs may play an antagonistic role during late neutrophil maturation, they are
nonetheless required for cytokine-induced proliferative responses and activation of the
respiratory burst. These studies provide novel evidence for a role of a CaMK cascade in
regulating neutrophil differentiation, and may provide insight into effective means of
modulating neutrophil maturation and their destructive properties at sites of inflammation.
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Materials and Methods
Cell lines and bone marrow cells

EML, EPRO and MPRO cells were grown and induced with all-trans retinoic acid (ATRA)
as previously described [19,21]. SCF ER-Hoxb8 cells were maintained in OptiMEM
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Gemini Bio-
products, Woodland, CA), 1% CHO-conditioned medium as a source of stem cell factor and
1 µM β-estrodiol (Sigma-Aldrich, St Louis, MI); inductions were performed as described
elsewhere [20]. Human NB4 and HL-60 cells were maintained and differentiated as previously
described [19]. COS-1, HEK293 and Phoenix cells were maintained in DMEM medium
supplemented with 10% FBS. Bone marrow cells isolated from femurs of Swiss Webster mice
were initially cultured in IMDM (Invitrogen) supplemented with 20% horse serum plus murine
SCF and IL-3 (50 ng/mL each, Peprotech, Rocky Hill, NJ), and human G-CSF (10 ng/mL,
Amgem, Thousand Oaks, CA) for 5 days, and then cultured in just G-CSF for 2 days. All
medium was supplemented with 5 U/mL penicillin, 5 µg/mL streptomycin sulfate and 25 ng/
mL Amphotericin B, and cells were maintained at 37°C in a humid atmosphere of air plus 5%
CO2.

Northern analyses
Total RNA was isolated from cell lines and bone marrow with TRIzol reagent (Life
Technologies, Rockville, MD) according to the manufacturer’s specifications, and RNA was
electrophoresed, blotted and probed as described previously [22].

Cloning of mouse CKLiK
An EPRO cell library was screened with an IMAGE Consortium clone that encoded a portion
of the mouse CKLiK gene (clone number 513897, Research Genetics, Huntsville, AL)
according to [23]. The resulting ~4kb cDNA was sequenced at the Keck DNA Sequencing
Facility (Yale University) and internal sequences matched the published murine CKLiK α-
isoform and mouse CaMKIδ (Genbank accession no. NM_177343).

Transient transfections and luciferase assays
COS-1 cells were transfected using FuGene reagent (Roche Diagnostics, Indianapolis, IN) with
7 µL of Fugene/35 mm plate (Corning Life Sciences, Acton, MA) together with 0.6 µg of the
CaMK expression vector, 0.3 µg of the GAL4-CREB expression vector, 0.6 µg of the
5XGAL4-TATA-luciferase vector and 0.2 µg of pCMVβgal (Clontech, Palo Alto, CA), a
plasmid that provides a control for transfection efficiency. After 48 hours, cells were washed
with 1X phosphate buffered saline (PBS), lysed and assayed for luciferase activity using the
Luciferase Assay System (Promega, Madison, WI) according to the manufacturer’s
specifications. Luciferase levels were normalized to β-galactosidase expression levels as
previously described [24]. For transfections of HEK293 cells, 2 µg of the expression vectors
containing wild-type and mutant CKLiKs together with 6 uL of Fugene were transfected into
HEK293 cells on 60 mm plates. Cells were then harvested for Western analyses 48 hours after
transfection as described below.

Western analyses
For whole cell lysates, cells were lysed and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis as previously described [19]. For cellular localization of
FLAG-tagged CKLiK, nuclear extracts were generated from transfected HEK293 cells
essentially as previously described [24], with the only modification being cytoplasmic proteins
were obtained after cell lysis in buffer A (10 mmol/L HEPES-KOH (pH 7.9), 1.5 mmol/L
MgCl2, 10 mmol/L KCl, 0.5 mmol/L dithiothreitol (DTT), and 0.5 mmol/L
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phenylmethylsulfonyl fluoride (PMSF) with 0.1% Nonidet P-40). Antibodies against FLAG
and actin were from Stratagene (La Jolla, CA) and Santa Cruz Biotechnologies (Santa Cruz,
CA), respectively. Antibodies for CaMKK, gp91phox, p47phox and p67phox were all from BD
Transduction Laboratories (San Diego, CA).

Generation of EML cells expressing mutant CKLiK and CaMKKα
The truncated CKLiK (CKLiK296) was generated by PCR amplifying a fragment from EPRO
cDNA using forward oligonucleotides with an EcoRI site (underlined) upstream from the start
codon (5’-CCGGAATTCCATGGCCCGGGAGAACGGC-3’), and reverse oligonucleotides
with a stop codon beyond amino acid 296 plus a XhoI site (5’-
CCGCTCGAGTCACTGGGCACTGACAGATTC-3’). The amplified product was then
EcoRI/XhoI-digested and ligated into EcoRI-SalI sites of the retroviral vector pBABE-puro
[25]. The Lys52 to alanine mutation in the ATP binding site of CKLiK296 was generated using
the QuikChange Site Directed Mutagenesis kit (Stratagene) with the following primers:
forward 5’-GGAAGCTCTTCGCAGTGGCGTGCATCCCG-3’ and reverse 5’-
CGGGATGCACGCCACTGCGAAGAGCTTCC-3’. The FLAG-tagged, full-length cDNA
CKLiK385, generously provided by Yamada et al. [26], was mutated using QuikChange with
the following primer pairs: for the calmodulin binding domain mutation 289IHES to EDDD,
forward 5’-
CAGCCCTTAGCAAAAACGAGGACGATGATGTCAGTGCCCAGATCCGG-3’ and
reverse 5’-
CCGGATCTGGGCACTGACATCATCGTCCTCGTTTTTGCTAAGGGCTG-3’; and for
the Phe311 to alanine mutation, forward 5’-
TGGAGACAAGCGGCCAACGCCACGGCAG-3’ and reverse 5’-
CTGCCGTGGCGTTGGCCGCTTGTCTCCA-3’. The mutant construct was then excised
from pCMV-Tag 2C (Stratagene) by digestion with NotI and HindIII, overhangs were filled
in with Klenow fragment (New England Biolabs, Beverly, MA), and the product was ligated
into pMSCV-puro (Clontech, La Jolla, CA) at HpaI sites. The CaMKK413-KD construct was
generated by mutating Lys157 to alanine with the primers 5’-
GGGAAGACAGACACTATGCAATGGCAGTTCTTTCC-3’ and 5’-
GGAAAGAACTGCCATTGCATAGTGTCTGTCTTCCC-3’. Correct sequences for all
mutant constructs were verified. EML cells were transduced with pBABE-puro and pMSCV-
puro vectors by first transiently transfecting Pheonix cells with each vector containing mutant
CaMKs or vector alone using FuGene reagent (Roche Diagnostics). After 24 hour incubation,
the transfected Phoenix cells were overlaid with EML cells in growth medium at 1 × 105 cells/
mL. Following 24 hours of co-culture, EML cells were remove, allowed to recover for 24
hours, and then selected in puromycin (1 µg/mL) for a mimimum of 18 days to derive stably
transduced lines.

Assays for function of differentiated cell lines
Respiratory burst, chemotaxis and phagocytosis assays were all performed as previously
detailed [19]. For analyses of CaMK inhibitors, each inhibitor was added 24 hours prior to the
assay at the indicated concentrations. KN-93 and STO-609 were both obtained from
Calbiochem (San Diego, CA).

Results
Characterization of a mouse CaMK cascade in myeloid cell lines

A 4kb cDNA with 96% homology to human CKLiK was isolated from an EPRO cell-derived
cDNA library [23]. Expression of CaMKKα and CKLiK was then evaluated by northern blot
analysis of EML, EPRO and ATRA-induced EPRO cells. Consistent with our previous studies,
expression of CaMKKα is nearly absent in uninduced EML and EPRO cells, but is upregulated
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during ATRA-induced differentiation of EPRO cells (Fig. 1A, left panel) [12]. By comparison,
CKLiK expression is detected in EML cells and is substantially upregulated after
differentiation into promyelocytic EPRO cells (Fig. 1A, right panel). CKLiK expression is then
downregulated after 48 hours of ATRA induction in EPRO cells. To further assess changes in
CKLiK expression during early vs. late stages of neutrophil differentiation, transcript levels
were then analyzed in EPRO cells induced for 2 and 4 hours and for 24–72 hours (Fig. 1B).
Interestingly, CKLiK expression initially increases, but then declines after 24 hours of ATRA
induction, coincident with morphologic maturation and secondary granule protein gene
expression [21]. Expression levels of CaMKKα and CKLiK were also examined in the myeloid
progenitor SCF ER-Hoxb8 cells, which differentiate into mature neutrophils upon estrogen
withdrawal [20]. Similar to EML/EPRO cells, expression of CaMKKα increased during the
differentiation of Hoxb8-ER-SCF cells, with peak levels coinciding with morphologic
maturation (not shown) and activation of lactoferrin expression (Fig. 1C). In contrast,
expression of CKLiK appears to be downregulated after 48 hours of estrogen withdrawal.
Finally, expression of CaMKKα and CKLiK were assessed in mouse bone marrow cells
cultured ex vivo in medium containing G-CSF (Figure 1D). Consistent with our results in cell
lines, CKLiK expression declined during G-CSF-induced differentiation, whereas CaMKKα
expression initially increased but then also declined.

To compare our observations with the expression of both kinases in human myeloid cells, we
also performed northern blot analysis of uninduced versus ATRA-induced human
promyelocytic NB4 cells. Our results indicate that both CaMKKα and CKLiK are initially
activated by ATRA, but then levels decline after 48 hours of induction (Fig. 1E). We note that
a lower band is visible in uninduced NB4 cells and after 72 hours of induction, but expression
of the predicted 7 kb fragment (upper band) is only seen in induced cells. We also detected
expression of both CaMKKα and CKLiK in leukemic HL-60 cells, but expression did not
appear to change during ATRA induction (data not shown).

Constitutively active forms of CKLiK and CaMKKα inhibit specific functional responses in
differentiated EPRO cells

To determine whether the observed downregulation of CKLiK is important for neutrophil
development, we expressed constitutively active forms of CKLiK using retroviral expression
vectors in EML cells and tested for neutrophil differentiation and function activation. We used
two different forms of CKLiK, a truncated version similar to the human form previously shown
to confer constitutive activity, CKLiK296 [13], and a second FLAG-tagged, full-length version
(CKLiK385-CA) with internal mutations that mimic Ca2+/CaM binding. The mutations in
CKLiK385-CA do not affect sequences in a putative NES-like domain, previously suggested
to regulate cytoplasmic localization of CKLiK and other CaMK family members (see Fig. 2A)
[27]. A catalytically inactive, truncated form of CKLiK (CKLiK296-KD, for “kinase dead”)
was also generated, which contains an alanine substitution at Lys52, a putative ATP binding
site that is essential for catalytic activity in conserved catalytic domains of CaMKI and
CaMKIV [28–30]. Cytoplasmic localization of the full-length, constitutively active form of
CKLiK was then demonstrated using a Western blot comparing nuclear versus cytoplasmic
lysates from HEK293 cells transfected with either the FLAG-tagged, wild-type CKLiK or
CKLiK385- CA (Fig. 2B).

To confirm constitutive activity of both the full-length and truncated forms of CKLiK, COS-1
cells were transfected with each mutant construct together with two reporter expression vectors
that detect CaMK activity via CREB phosphorylation (pCMV-GAL4-CREBΔb-zip and
p5XGAL4-E1b-luciferase, kindly provided by Dr. Richard Maurer, Oregon Health Sciences
University) [31]. Figure 2C demonstrates that expression of CKLiK296 activates reporter gene
expression, whereas an empty vector or a form of CREB that lacks the GAL4 binding site
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(GAL4-only) exhibited minimal reporter expression. CKLiK296 appears to primarily activate
CREB by phosphorylation of Ser133, since an alanine substitution (GAL4-CREBA133) caused
significantly reduced CREB activation. Importantly, the catalytically inactive form of
CKLiK296, CKLiK296-KD, also yielded significantly reduced levels of CREB activation as
compared to the constitutively active version. CKLiK385-CA also demonstrated constitutive
activation of CREB that was dependent on Ser133 (Fig. 2D).

EML cells were transduced with the full-length, constitutively active form of CKLiK
(CKLiK385-CA) or either truncated form (CKLiK296 and CKLiK296-KD). Cells transduced
with empty vectors were generated for negative controls. Ectopic expression of CKLiK385-CA
in lysates from two independently transduced pools of EML cells was confirmed using an anti-
FLAG antibody (Fig. 3A). The lower band in the Western blot is a non-specific signal similar
to that observed by Yamada et al in MEL cells [26]. Ectopic expression of CKLiK296 and
CKLiK296-KD were confirmed in multiple clonal sublines of transduced EML cells by northern
blot analysis (Fig. 3B). To analyze possible functions of CaMKKα during neutrophil
differentiation, EML cells were transduced with a constitutively active form of rat CaMKKα
(CaMKK413, kindly provided by Dr. Tom Soderling, Oregon Health Sciences University) and
a kinase dead form with a lysine to alanine substitution at the ATP binding site (CaMKK413-
KD). Both transcript and protein expression were confirmed in multiple clonal sublines (Fig.
3C).

To test for possible effects of CaMK overactivation on neutrophil maturation or function, EML
cells expressing the constitutively active forms of CKLiK or CaMKKα were induced with
ATRA to the EPRO stage and then to mature neutrophils. Ectopic expression of either type of
constitutively active CKLiK or CaMKKα did not affect morphologic maturation; after 3–5
days of ATRA induction, all transduced cells exhibited multilobulated nuclei characteristic of
mature mouse neutrophils (data not shown). The growth profiles of EML or EPRO cells
transduced with each mutant kinase were also unaffected (data not shown). However, EPRO
cells expressing CKLiK385-CA had severely reduced respiratory burst activity as compared to
cells transduced with the empty vector (Fig. 4A). Reduced oxidative burst was also observed
in cells overexpressing CKLiK296, but not in cells expressing the catalytically inactive form
CKLiK296-KD (Fig. 4B). Interestingly, ectopic expression of CaMKK413 also inhibited the
oxidative burst (Fig. 4C), but did not affect morphologic maturation (data not shown).

Chemotaxis was next analyzed using ATRA-induced cells and the murine neutrophil
chemoattractant KC. Ectopic expression of either CKLiK385-CA or CKLiK296 significantly
inhibited chemotaxis in EPRO cells, whereas cells expressing the kinase dead form of
CKLiK296 or the empty vector exhibited responses near that of normal peripheral blood
neutrophils (Figs. 5A and B, see figure legends for statistical analyses). In contrast, EPRO cells
expressing CaMKK413 exhibited normal chemotaxis (Fig. 5C). Phagocytosis and
degranulation were also examined, but no substantial abnormalities were identified (data not
shown).

Constitutive activation of CKLiK inhibits late neutrophil-specific gene expression in
promyelocytes

We next performed northern analysis of secondary granule protein gene expression in ATRA-
induced EPRO cells expressing the constitutively active CaMKs. EPRO cells expressing either
an empty vector control or the catalytically inactive form of CKLiK exhibited appropriately
increased expression of two secondary granule protein genes, lactoferrin and neutrophil
gelatinase, and of gp91phox, a critical component of the NADPH oxidase complex (Fig. 6A).
Increased expression of these genes was also observed in ATRA-induced EPRO cells
expressing CaMKK413 (Fig. 6A, left panel). By comparison, EPRO cells expressing
CKLiK296 exhibited severely reduced levels of multiple neutrophil-specific genes (Fig. 6A,
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left and right panels; not shown are similar results that were observed in clone #4). Interestingly,
levels of C/EBPε were also reduced in ATRA-induced EPRO-CKLiK296 cells, but little change
was detected in the levels of PU.1 expression. EPRO cells expressing the constitutively active,
full-length version of CKLiK yielded similar results (Fig. 6B, left panel). We also examined
levels of protein expression of three different NADPH oxidase components upon ATRA-
induction of EPRO-CKLiK385-CA cells. Consistent with our observed effects on transcript
expression, gp91phox protein expression was undetectable in cells expressing CKLiK385-CA,
but ATRA-induced expression of either p47phox or p67phox was unaffected (Fig. 6B, right
panel).

Effects of CaMK inhibitors on murine neutrophil growth, differentiation and functional
activation

The function of neutrophils is dependent on multiple calcium signaling pathways, and recent
studies have demonstrated that CaMK inhibitors such as KN93, which interfere with Ca2+/
CaM binding, can affect the proliferation and differentiation of human leukemic cells [15–
17]. Since these inhibitors disrupt CaMKI and CaMKIV activities [32,33], and may therefore
affect CKLiK activities in neutrophils, we tested whether KN-93 and the recently identified
CaMKKα inhibitor STO-609 also affect the growth or functional responses of our cell lines.
In agreement with previous studies on human leukemic cell lines, KN93 inhibited the growth
of both EPRO and SCF ER-Hoxb8 cells in a dose dependent fashion (Fig. 7A). Similar effects
were observed in the closely related mouse cell line MPRO cells (data not shown). However,
KN-93 did not affect the growth of EML cells (Fig. 7A, right panel). The CaMKK inhibitor
STO-609 also significantly inhibited EPRO and Hoxb8ER-SCF cell growth, but in contrast to
KN-93, it inhibited EML cell growth (Fig. 7B). EPRO cells exposed to KN-93 were also
assessed for morphologic maturation similar to that found in MPRO cells exposed to KN-62
[16,17]. As shown in Figure 7C, a small but significant number of EPRO cells exposed to either
KN-93 or KN-62 showed maturation based on changes in nuclear morphology. However, in
contrast to studies on MPRO cells, changes in CD11b expression were not detected (data not
shown). None of the cell lines showed maturation in the presence of STO-609. To test whether
functional responses of mature neutrophils require CaMK activity, ATRA-induced,
morphologically mature EPRO and MPRO cells were exposed to either KN-93 or STO-609
for 2 hours prior to performing PMA-stimulated respiratory burst assays (Fig. 7D). KN-93
significantly inhibited ROS production by both EPRO and MPRO cells, and STO-609 reduced
the oxidative burst produced by EPRO cells in a dose-dependent fashion.

Discussion
Our expression analyses demonstrate that both CaMKKα and CKLiK are initially upregulated
during early promyelocytic differentiation, but that CKLiK is downregulated during
intermediate and late stages when secondary granule protein gene expression and neutrophil
functional activity peak (Fig. 1). Both the EML/EPRO and SCF ER-Hoxb8 cell lines, as well
as the G-CSF-induced bone marrow-derived stem cells, showed CKLiK downregulation,
suggesting that loss of CKLiK expression is important to late-stage neutrophil differentiation.
These results contrast with those initially reported by Verploegen et al, where continuous
CKLiK expression was identified in G-CSF-induced umbilical cord blood-derived CD34+ cells
[13]. However, later studies identified low CKLiK protein expression in human peripheral
blood despite high level CKLiK activity in Ca2+/calmodulin-stimulated cells [14].
Furthermore, both CKLiK and CaMKKα gene expression levels initially increase but then
diminish during ATRA-induced differentiation of human promyelocytic NB4 cells (see Fig.
1D). Since hematopoietic and mesenchymal stem cells derived from umbilical cord blood vs.
bone marrow exhibit different gene expression profiles [34–36], these conflicting results may
simply be due to the different model systems utilized. Despite these inconsistencies, the
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previous and current results suggest that expression of both CKLiK and CaMKKα are required
throughout normal neutrophil development, but that attenuated expression may be important
during late stages of neutrophil maturation.

The expression of constitutively active forms of CKLiK in EML/EPRO cells inhibited the
expression of maturation–specific genes, including gp91phox (Fig. 6), which is most likely the
underlying cause of the deficient respiratory burst. How this effect also caused a loss of
chemotaxis is unclear, but these results support the notion that attenuated expression of CKLiK
is important to normal neutrophil development, and suggest that CKLiK may antagonize the
activation of neutrophil-specific transcription programs. Importantly, these results are
consistent with the recently identified capacity of CaMK inhibitors to induce neutrophil
differentiation and of CaMKIIγ to inhibit RAR-regulated differentiation of myeloid leukemic
cell lines [15–17]. Identifying the precise mechanism by which CKLiK interferes with
neutrophil gene expression will require more detailed analyses, but CKLiK may target a
repressor of neutrophil differentiation, such as the CCAAT displacement protein (CDP/cut) or
the transcription factor PU.1. Both factors can repress neutrophil gene expression, and their
activities have been suggested to be modulated by serine phosphorylation [24,37–41].
Interestingly, CDP represses the expression of C/EBPε, lactoferrin and gp91phox, all three of
which were inhibited in cells expressing the constitutively active CKLiK. Alternatively,
CKLiK may inhibit the actions of a positive regulator of neutrophil gene expression similar to
proposed functions of CaMKIIγ, such as RARα. A caveat to these mechanisms is that CKLiK
protein expression is undetectable in the nucleus (Fig. 2 and [13]), thus the effects on
transcription may be indirect.

The proposed antagonistic role of CKLiK during neutrophil differentiation seems to conflict
with recently identified positive roles for CKLiK in neutrophil functions, including chemotaxis
and the respiratory burst [14]. Furthermore, the calmodulin inhibitor W7 disrupts these same
neutrophil functions, and our data demonstrate that the respiratory burst is inhibited by KN-93
(Fig. 7 and [11]). A possible model to explain this paradox is that CKLiK performs distinct
functions during different stages of neutrophil development, and that protein concentrations
determine whether CKLiK acts to support or antagonize neutrophil development and functional
responses. In this model, increased CKLiK activity during early myeloid development
suppresses transcriptional activators of maturation-specific gene expression, which helps to
maintain the progenitors in a proliferative state. This would explain why CKLiK expression
levels initially increase in promyelocytes, and why CaMK inhibitors suppress the proliferation
of neutrophil progenitors (Fig. 1,Fig. 7) CKLiK may also help to delay the expression of certain
genes that encode proteins targeted to stage-specific granules, including the secondary granule
proteins lactoferrin and neutrophil gelatinase. As the progenitors commit to terminal
differentiation, CKLiK expression is downregulated, which facilitates the transcriptional
activation of genes critical to mature neutrophil function. Despite this decrease, sufficient levels
are then maintained in mature cells to support key Ca2+/calmodulin-dependent functional
responses. A similar model could be envisioned for CaMKIIγ, and CKLiK plus CaMKIIγ may
be part of a complex signaling network that regulates both neutrophil differentiation and
function. Precedence for this model is provided by two other regulators of hematopoiesis: the
Src family kinase Lyn can positively and negatively regulate cytokine signaling in B-cells and
in myeloid lineages, and concentrations of PU.1 determine whether it cooperates with or
antagonizes the function of C/EBPα to regulate neutrophil maturation [42–44].

The capacity of CaMKK413 to inhibit the respiratory burst but not other functional responses
or differentiation may seem surprising, given the more extensive inhibitory effects of
constitutively active CKLiK. However, our model of how CKLiK functions in maturing
neutrophils may explain these observations, and why STO609 inhibited the respiratory burst.
Previous data indicate that CKLiK is a target of CaMKKα [13], therefore constitutive
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CaMKKα activities in EPRO-CaMKK413 cells may push endogenous CKLiK activities to the
point that neutrophil function is disrupted. Since only the respiratory burst was affected by
CaMKK413, this suggests that the respiratory burst is more sensitive to regulation by the
CaMKKα-CKLiK cascade than other neutrophil functions. The lack of effects on gp91phox

gene expression suggests that cascade overactivation can antagonize functions of NADPH
oxidase components via post-translational modifications. Indeed, serine phosphorylation
regulates the activities of several components, including p47phox, p67phox and Rap1, and
threonine phosphorylation of p40phox inhibits NADPH oxidase function [45–48]. Despite this
antagonistic role, the cascade is required in mature neutrophils but CKLiK expression levels
may be insufficient to positively regulate NADPH oxidase components in the absence of
CaMKKα activities. This would explain why STO-609 abrogates the respiratory burst.
Alternatively, CaMKKα may directly target another factor that in turn regulates neutrophil
function, such as protein kinase B (Akt), which plays positive roles in respiratory burst
activation and is directly regulated by CaMKKα [11,49,50].

In addition to potential roles in neutrophil development and function, our analyses of CaMK
inhibitors indicate that both CaMKKα and at least one CaMK are essential to cytokine-induced
proliferation of myeloid progenitors at multiple stages of differentiation. How CaMKs might
regulate myeloid cell growth is unknown, but previous studies demonstrate that CaMKII
controls cell cycle progression of several cell line models [33,51–53]. Further investigations
are required to determine whether the effects of KN-93 on cell growth are due to specific affects
on CKLiK activities or to effects on other CaMKs, and whether STO-609 affects CaMK-
dependent or -independent functions of CaMKKα. We note that EPRO cells showed a much
less dramatic maturation response to KN-62 as compared to previous studies on MPRO cells,
but we found that EPRO cells were less sensitive to the growth inhibition caused by KN-93 as
compared to MPRO cells (data not shown); therefore differences between these two cell lines
may account for the lack of CD11b upregulation. Nonetheless, our results suggest that use of
pharmacological inhibitors of CaMKs in the therapy of myelogenous leukemias must proceed
with caution, since such inhibitors may have undesirable effects on the expansion and functions
of normal neutrophils in treated patients. On the other hand, these inhibitors may be useful in
controlling the production of oxygen radicals by neutrophils at sites of inflammation that are
not accompanied by pathogen infection, e.g. in the cartilage of joints afflicted by rheumatoid
arthritis.
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Figure 1. Expression of CaM kinase transcripts in multiple models of neutrophil differentiation
(A) Northern blots were generated using total RNA (5 µg) from uninduced EML and EPRO
cells, and EPRO cells induced with 10 µM ATRA for 48 hours. Blots were sequentially
hybridized with 32P-labelled cDNAs for the kinase shown and mouse β-actin as a control. (B)
Northern analyses were performed using total RNAs from uninduced EPRO cells and cells
induced with ATRA for 2 and 4 hours (left panels), or for 24, 48 and 72 hours (right panels).
(C) A northern blot was generated using total RNA from SCF ER-Hoxb8 cells grown in the
presence of β-estrodiol (1 µM, time 0), and cells grown after β-estrodiol withdrawal to induce
neutrophil differentiation (48–96 hours). The blot was sequentially hybridized with 32P-
labelled cDNA probes for the two kinases, lactoferrin (to demonstrate neutrophil
differentiation) and β-actin. (D) Expression of CaMKKα and CKLiK were assessed in bone
marrow-derived stem cells induced with SCF, IL-3 and G-CSF for 3 and 5 days, and then
cultured in G-CSF alone. (E) A northern analysis identifies the expression of human
CaMKKα and CKLiK in ATRA-induced NB-4 cells.
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Figure 2. Expression and constitutive activity of mutant CKLiK proteins
(A) Depicted are the wild-type form of CKLiK and the two constitutively active forms,
CKLiK296 (truncated at Gln296) and CKLiK385-CA (internal mutations that mimic Ca2+/CaM
binding). Also shown is the “kinase dead” form of the truncated CKLiK (CKLiK296-KD) that
contains a mutation in the ATP binding site (Lys52). (B) Results of a Western blot containing
cytoplasmic versus nuclear extracts from HEK293 cells transfected with wild-type (WT) or
constitutively active (CA) versions of CKLiK demonstrate abundant expression in the
cytoplasm, whereas nuclear expression was undetectable. The blot was probed with an anti-
FLAG antibody to detect CKLiK expression and with an anti-actin antibody to demonstrate
amounts of protein in each lane. (C and D) Activation of CREB by each mutant form of CKLiK
was tested by transfecting COS-1 cells with the expression vectors for each mutant kinase
together with the two reporter plasmids, pCMV-GAL4-CREBΔb-zip (GAL4-CREB) and
p5XGAL4-E1b-luciferase. Control vectors also used were one lacking the CREB activation
domain (GAL4-only) and one with a Ser133 to Ala mutation in the CREB motif (GAL4-
CREBA133). Levels of luciferase activity were normalized to levels of β-galactosidase
expressed from co-transfected plasmids. Values shown are the averages ± SD from triplicate
transfections performed in parallel and are representative of at least 3 independent experiments.
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Figure 3. Ectopic expression of mutant CKLiK and CaMKKα in EML cell lines
(A) A Western blot containing protein lysates from two independently generated EML cell
lines stably transduced with CKLiK385-CA or an empty vector was probed with an anti-FLAG
antibody. Below is shown the same blot probed with an anti-actin antibody. (B) Ectopic
expression of CKLiK296 and CKLiK296-KD in clonal sublines of transduced EML cells was
demonstrated by northern analyses. (C) Ectopic expression of constitutively active and kinase
dead forms of CaMKKα (CaMKK413 and CaMKK413-KD, respectively) in EML cells was
confirmed by northern assays and a Western blot probed with anti-CaMKK. Shown in the
Western blot is expression of the endogenous CaMKKα and β isoforms, and the shorter,
truncated forms. Levels of actin expression are shown below each blot.

Gaines et al. Page 15

Exp Hematol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Expression of constitutively active CaM kinases inhibits the respiratory burst in
differentiated EPRO cells
(A) EPRO cells expressing CKLiK385-CA demonstrate reduced levels of the respiratory burst
as compared to cells expressing the empty vector. Assays were performed on ATRA-induced
cells stimulated with PMA (4 µg/mL) using an enhanced luminol reagent to detect O2

−

production. Shown are the percentages of peak light units emitted over 10 sec. during a 5 min.
period of analysis as compared to control cells expressing the empty vector, set at a 100%
response. (B) Expression of the truncated CKLiK (CKLiK296) but not the kinase dead form
(CKLiK296-KD) inhibits the respiratory burst. Shown are the responses of two clonal sublines
of each type of transduced EPRO cells as compared to cells expressing the empty vector. (C)
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Expression of the constitutively active CaMKKα (CaMKK413) inhibits the respiratory burst to
levels similar to that observed by the constitutively active CKLiKs. Data shown for all assays
are given as averages ± SD from triplicate samples analyzed in parallel and are representative
of at least three independent experiments.
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Figure 5. Chemotaxis is inhibited by overexpression of constitutively active CKLiK
(A) Expression of the full-length, constitutively active CKLiK inhibits chemotaxis.
Chemotaxis assays were performed using ATRA induced cells and transwell plates with 3 µm
membranes. Graphed are the average total number of cells ± SD that migrated after a 2 hour
incubation into the bottom chamber containing medium only or KC. P values generated by the
Student’s two sample t-test (Excel, Microsoft Corporation, Redmond, WA) for the differences
between chemotaxis by cells expressing the vector versus CKLiK385-CA are as follows: vector
vs. line #1, p = 0.004; vector vs. line #2, p = 0.0006. Data shown are from triplicate experiments
performed in parallel. (B) EPRO cells that express CKLiK296 exhibit reduced chemotaxis as
compared to cells expressing the empty vector or CKLiK296-KD, or to peripheral blood
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neutrophils (PBN). Statistical analyses yielded the following results: vector vs. CKLiK296-KD
c11, p = 0.15 (not statistically different); vector vs. CKLiK296 c4, p = 0.005; vector vs.
CKLiK296 c9, p = 0.009. (C) Ectopic expression of CaMKK413 does not disrupt chemotaxis,
as demonstrated by levels of cell migration similar to that observed by cell expressing the empty
vector. P values: vector vs. CaMKK413 c10, p = 0.23 (not statistically different), vector vs.
CKLiK296 c9, p = 0.00008.
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Figure 6. Neutrophil-specific gene expression is inhibited by constitutively active CKLiK
(A) Shown are the results of two northern assays that were performed using total RNAs from
uninduced and ATRA-induced EPRO cells expressing the empty vector, constitutively active
versions of CaMKKα (CaMKK413, clone 2) or CKLiK (CKLiK296, clone 9), or the kinase dead
version of CKLiK296 (CKLiK296-KD, clone 12). The blots were sequentially probed
with 32P-labelled cDNAs for the secondary granule genes lactoferrin (LF) and neutrophil
gelatinase (NG), the transcriptional regulator PU.1, and either the NADPH oxidase component
gp91phox (left panel) or the neutrophil-specific transcriptional regulator C/EBPε (right panel).
A β-actin probe was also used to demonstrate amounts of RNA in each lane. (B) A northern
assay (left panel) demonstrates that two independently generated lines of EPRO cells that
express CKLiK385-CA exhibit reduced lactoferrin and gp91phox transcript expression as
compared to cells expressing the empty vector. A Western assay was also performed (right
panel), which demonstrates that expression of gp91phox proteins are undetectable in EPRO-
CKLiK385-CA cells whereas expression of either p47phox or p67phox is normally upregulated.
Levels of actin expression are shown in the bottom panels of each figure.
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Figure 7. Effects of CaM kinase inhibitors on neutrophil growth and functional activation
(A) KN93 inhibited the proliferation of both EPRO and SCF ER-Hoxb8 cell lines, whereas the
inhibitor did not affect the growth of EML cells. For each assay, cells were diluted to 2 ×
105 cells/mL and total numbers of cells that excluded trypan blue after the indicated times were
counted using a hemacytometer. Note levels of KN93 used with EPRO cells were two-fold
higher than those used in SCF ER-Hoxb8 and EML cells. (B) The CaMKK inhibitor STO-609
significantly reduced the growth profiles of both EPRO and SCF ER-Hoxb8 cells, and inhibited
the growth of EML cells. (C) Morphologic maturation of EPRO cells exposed to the CaMK
inhibitors KN-62 or KN-93 was assessed by examining cells after 5 days of treatment and
counting the number undifferentiated cells with promyelocyte characteristics (e.g. high nuclear
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to cytoplasmic ratios) versus differentiated cells with kidney shaped or lobulated nuclei. Shown
are the results of three independent experiments. P values: KN-62 vs. control, p = 0.001; KN-93
vs. control, p = 0.001. (D) The respiratory burst exhibited by ATRA-induced EPRO or MPRO
cells upon PMA stimulation was inhibited by the CaM kinase inhibitor KN-93 (left panel);
STO-609 also inhibited the oxidative burst produced by EPRO cells in a dose-dependent
fashion. Shown are data from differentiated cells that were incubated with the inhibitors for
24 hours prior to each assay, with data sets given as percentages of peak light units emitted as
compared to cells incubated with the diluting reagent. Data shown are the average responses
± SD from three independent experiments.

Gaines et al. Page 22

Exp Hematol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


