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The CDK inhibitor purvalanol A induces neutrophil apoptosis and
increases the turnover rate of Mcl-1: potential role of p38-MAPK
in regulation of Mcl-1 turnover
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Summary

Human neutrophils are terminally differentiated cells that do not replicate
and yet express a number of enzymes, notably cell cycle-dependent kinases
(CDKs), that are associated normally with control of DNA synthesis and cell
cycle progression. In neutrophils, CDKs appear to function mainly to
regulate apoptosis, although the mechanisms by which they regulate this
process are largely unknown. Here we show that the CDK2 inhibitor,
purvalanol A, induces a rapid decrease in myeloid cell leukaemia factor-1
(Mcl-1) levels in human neutrophils and peripheral blood mononuclear
cells (PBMCs), but only induces apoptosis in neutrophils which are
dependent upon expression on this protein for survival. This rapid decrease
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in cellular Mcl-1 protein levels was due to a purvalanol A-induced decrease
in stability, with the half-life of the protein decreasing from approximately
2 h in control cells to just over 1 h after addition of the CDK2 inhibitor: it
also blocked the granulocyte-macrophage colony-stimulating factor
(GM-CSF)-dependent stabilization of Mcl-1. Purvanalol A blocked GM-
CSF-stimulated activation of extracellular-regulated kinase (Erk) and signal
transducer and activator of transcription (STAT)-3, and stimulated an
additive activation of protein kinase B (Akt) with GM-CSF. Purvalanol A
alone stimulated a rapid and sustained activation of p38-mitogen-activated
protein kinase (MAPK) and the pan p38-MAPK inhibitor, BIRB796, partly
blocked the purvalanol A-induced apoptosis and Mcl-1 loss. These novel
effects of purvalanol A may result, at least in part, from blocking GM-CSF-
mediated Erk activation. In addition, we propose that purvalanol A-induced
activation of p38-MAPK is, at least in part, responsible for its rapid effects
on Mcl-1 turnover and acceleration of neutrophil apoptosis.
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Introduction lymphoma-extra large (Bcl-Xp)] is the major anti-
apoptotic protein that regulates apoptosis [3]. Mcl-1 is an
unusual member of the Bcl-2 family, in that it possesses a
large N-terminal region that contains PEST (proline,
glutamic acid, serine and threonine) domains and other

motifs that undergo post-translational modifications such

Human neutrophils exhibit high rates of spontaneous
apoptosis and, as a consequence, the bone marrow pro-
duces and releases billions of mature neutrophils into the
bloodstream on a daily basis [1,2]. As in many other cells

and tissues, neutrophil apoptosis is regulated by B cell
lymphoma-2 (Bcl-2) family members and caspases, whose
activities and subcellular localization are regulated by
intrinsic and extrinsic factors including growth factors,
cytokines and death receptor signalling. Human neutro-
phils are somewhat unusual, however, in that myeloid cell
leukaemia factor-1 (Mcl-1) [rather than Bcl-2 or B cell

as phosphorylation and ubiquitination that regulate its
function or stability [3,4]. For example, phosphorylation
on residues Thr'®’, Thr”® and Ser'?' can enhance stability
or function, while phosphorylation on residues Ser'>
Ser'®® can decrease stability and accelerate its rate of turn-
over via the proteasome [4-6]. These rapid and reversible
modifications to Mcl-1 act as a versatile ‘molecular switch’

and
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so that Mcl-1 levels and functions, and hence neutrophil
apoptosis, can be up- or down-regulated rapidly in
response to pro- or anti-inflammatory signals.

Despite the fact that mature, human neutrophils do not
proliferate or divide, they express a number of proteins that
are associated normally with cell cycle progression and
mitosis [7]. These include survivin [7], proliferating cell
nuclear antigen (PCNA) [8] and cell cycle-dependent kinases
(CDKs) [9]. Human neutrophils express CDKs —2, —7
and —9 (plus several others at low expression levels), and
inhibition of these kinases can result in accelerated apoptosis
[10,11]. For example, R-roscovitine, which blocks phospho-
rylation of RNA polymerase II by CDKs —7 and —9 [12]
decreased neutrophil transcriptional activity, decreased
Mcl-1 protein levels and induced apoptosis in human neu-
trophils [12]. Similarly, the CDK-9 inhibitor, flavopiridol,
which also blocks transcription, decreased Mcl-1 levels and
induced neutrophil apoptosis [11]. Such targeting of CDKs
may have clinical benefit in inflammatory diseases, as the
CDK inhibitor, AT7519, can reverse the delayed apoptosis
observed in neutrophils of patients with sepsis-related acute
respiratory distress syndrome (ARDS) ex vivo [13].

These reports demonstrate clearly the importance of CDKs
in the regulation of neutrophil apoptosis by transcriptional
control, which when inhibited will lead to a rapid decrease in
Mcl-1 because of its naturally rapid turnover rate [5]. In this
report, we show that the purvalanol A, a 2,6,9-tri substituted
purine that binds the ATP-binding site of human CDK-2 and
some other CDKs [14,15] also accelerates neutrophil apopto-
sis, in parallel with decreasing Mcl-1 protein levels. While this
inhibitor similarly decreased Mcl-1 protein levels in human
PBMC:s it did not induce apoptosis in these cells, presumably
because, unlike in human neutrophils, PBMCs also express
other anti-apoptotic Bcl-2 family proteins such as Bcl-2 and
Bcl-X, whose protein levels were largely unaffected by purva-
lanol A. We show that purvalanol A increased the rate of
Mcl-1 protein turnover and also activated p38-mitogen-
activated protein kinase (MAPK), which appeared to play a
role in this accelerated protein turnover. These novel data
indicate that CDKs may play roles in regulation of neutrophil
function and apoptosis that are independent of their ability
to regulate transcription and act via regulation of kinase
cascades that, in part, regulate Mcl-1 turnover.

Methods and methods

Materials

RPMI-1640, fetal bovine serum, penicillin—streptomycin
and Hanks’s balanced salt solution (HBSS) were from
Gsco (Paisley, UK); Rapid Romanowsky stain was from
HD Supplies (Aylesbury, UK); Guava ViaCount reagent
was from Millipore (Watford, UK); acrylamide solution
was from Severn Biotech (Kidderminster, UK); polyvinyli-
dene fluoride membrane was from Millipore; enhanced

chemiluminescence detection reagents and Hyperfilm were
from Amersham Life Science (Little Chalfont, UK). Biotin-
ylated protein ladder detection pack, anti-human Mcl-1
(#4572), anti-human Bcl-2 (#2870), anti-human Bcl-Xj,
(#2764), anti-human p-p44/42 MAPK [extracellular signal-
regulated kinase (Erk)1/2] (Thr202/Tyr204) (E10) (#9106),
anti-human p44/42 MAPK (Erkl1/2) (#9102), anti-human
p-signal transducer and activator of transcription 3
(STAT-3) (Tyr705) (3E2) (#9138), anti-human STAT-3
(124 h6) (#9139), anti-human protein kinase B (Akt)
(Serd73, #9271), anti-human Akt (#9272), anti-human
p-p38 MAPK (Thr180/Tyr182) (28B10, #9216) and anti-
human p38 MAPK (#9212) were from Cell-Signalling
Technology (Danvers, MA, USA). Anti-human [-actin
(#ab8226) was from Abcam (Cambridge, UK) and purvala-
nol A was from Tocris Bioscience (Bristol, UK). All other
reagents were from Sigma (Poole, UK).

Isolation of human immune cells from whole blood

The study of adult heathy controls was approved by the
University of Liverpool Committee for Research Ethics
(CORE) and donors gave written consent. Whole blood
(20 ml) was collected into heparinized vacuette containers
by venepuncture and processed within 2 h. Neutrophils
and PBMCs were isolated by centrifuging over Ficoll-
Paque™, as described in the manufacturer’s instructions.
Briefly, whole blood was first incubated in a 5 : 1 ratio with
HetaSep™ for 30 min at 37°C to precipitate the
erythrocytes. The supernatant was collected and diluted in
RPMI-1640 medium with 25 mM Hepes plus L-glutamine
(2 mM) before centrifuging at 400 g for 10 min at room
temperature. The cell pellet was resuspended in 10 ml
media and layered in a 1 :
before centrifuging at 500 g for 30 min at room tempera-
ture. The PBMC upper layer and neutrophil pellet were
then removed and resuspended in fresh media and centri-
fuged at 500 g for 3 min before being resuspended in fresh
media. Contaminating erythrocytes were removed from the
neutrophil pellet by incubation in hypotonic lysis buffer
[ammonium chloride lysis buffer: 155 mM NH,CL,
13-4 mM KHCOj; and 96-7 mM ethylenediamine tetraace-
tic acid (EDTA)] at a ratio of 1 : 9. After 3 min incubation,
the cell suspension was centrifuged at 500 g for 3 min and
neutrophils resuspended in fresh media and counted before
being adjusted a final concentration of 5 X 10° cells/ml.
The purity of the samples was assessed by light microscopy
and cytospins. Neutrophils and PBMCs were incubated in
a 5% CO, incubator at 37°C with gentle agitation under
experimental conditions, as described in the text.

1 ratio onto Ficoll-Paque™

Flow cytometry to determine primary immune cell
apoptosis

Apoptosis of neutrophils and PBMCs was measured by
flow cytometry. Phosphatidylserine expressed on the
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membrane of early apoptotic cells was stained by annexin
V-fluorescein isothiocyanate (FITC), while propidium
iodide (PI) permeability was used to detect late apoptotic
cells. Cells at a concentration of 2 X 10° in 200 pl HBSS
were incubated with annexin V-FITC (10 pl/ml) for 15 min
at room temperature. Prior to the flow analysis, PI (final
concentration of 100 pg/ml) was added to the cells; 5000
gated cells were then analysed on a Guava Easycyte flow
cytometer.

In all experiments using the flow cytometer, the absolute
number of cells was counted routinely to account for any
loss of cells due to lysis. The % and actual number of cells
were measured and compared routinely, but under these
experimental conditions they were identical.

Preparation of protein lysates

A total of 10° cells per sample were centrifuged and washed
with phosphate-buffered saline (PBS) to obtain cell pellets,
which were resuspended in 100 pl hot Laemmli lysis buffer
[10% (v/v) glycerol, 1 M Tris-HCI (pH 6-8) and 3% (w/v)
sodium dodecyl sulphide (SDS)] to a final concentration of
1 X 10* cells/pl before boiling for 5 min. All protein extract
samples were then analysed for total protein levels by the
bicinchoninic acid (BCA) assay and adjusted to the same
protein concentrations using Laemmli buffer containing
bromophenol blue and dithiothreitol (100 mM, final
concentration). Samples were then stored at —20°C until
analysis.

Western blotting

Thawed protein extracts were reheated and separated by
SDS-polyacrylamide gel electrophoresis (PAGE) containing
10% (v/v) polyacrylamide; 15 pl of protein extract was
added to each well of the gel, with prestained marker pro-
teins loaded in the first well. Gels were electrophoresed at
180 V for 55 min in SDS running buffer (25 mM Tris,
0-1% (w/v) SDS and 192 mM glycine) and then separated
proteins were transferred onto a polyvinylidene difluoride
(PVDF) membrane by electrophoresis at 100 V for 80 min
in transfer buffer (20% (v/v) methanol, 12-5 mM Tris and
95 mM glycine). The membrane was checked to determine
if the proteins had been transferred successfully onto the
membrane, by immersing into Ponceau S stain [0-1% (w/
v) Ponceau S and 5% (v/v) acetic acid]. After washing off
the Ponceau stain by washing buffer [150 mM NaCl,
10 mM Tris HCI (pH 8) and 0-1% (v/v) Tween-20], the
membrane was blocked by blocking solution [5% non-fat
dried skimmed milk (Marvel, Premier Foods, St Albans,
UK) in Tris-buffered saline (TBS)-T (0-05% Tween 20 in
Tris-buffered saline, pH 8)] at room temperature for at
least 1 h on an orbital shaker in order to prevent non-
specific antibody binding. After blocking, the membrane
was rinsed with washing buffer for 30 s and then incubated
with the specific primary antibody (dilutions as specified
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by the manufacturer’s datasheet) at 4°C overnight on an
orbital shaker.

The membrane was then washed with wash buffer for
3 X 10 min and then incubated with secondary horseradish
peroxidase (HRP)-linked antibody for 1 h. After washing
again with wash buffer for 3 X 10 min, the membrane was
covered with enhanced chemiluminescence (ECL) reagents
for 1 min and then exposed to photosensitive film for
periods of 1-10 min depending on intensity of the signal,
taking care to avoid saturation of the film.

After developing the blot, the membrane was stripped
by immersing in stripping buffer [50 mM glycine,
150 mM NaCl, 0-1% (v/v) Tween-20 and HCI to pH 2-5]
for 15 min with gentle agitation and then washed. The
membrane was reblocked and reprobed with actin anti-
body to ensure equal loading of wells. The membrane was
developed as indicated above. Exposed films were then
analysed by the AQM advance 6 Kinetic Imaging System
(Zeiss Ltd, Cambridge, UK) and calculated densitometry
values are presented after correction for the B-actin
signal.

Isolation of RNA and quantitative PCR (qPCR)

RNA was isolated from a minimum of 107 cells using
Trizol : chloroform (Thermo Fisher Scientific, Paisley, UK),
precipitated in isopropanol and cleaned using the RNeasy
kit (Qiagen, Manchester, UK), including a DNase digestion
step. cDNA was synthesized from total RNA using the Super-
Script III First-Strand ¢cDNA Synthesis kit (Thermo Fisher
Scientific) using equal concentrations of RNA across sam-
ples, as per the manufacturer’s instructions. Real-time poly-
merase chain reaction (PCR) analysis was carried out using
the QuantiTect SYBR Green PCR kit (Qiagen), as per the
manufacturer’s instructions. Analysis was carried out on a
LightCycler 480 (Roche Diagnostics, Burgess Hill, UK) in a
96-well plate using a 20 pl reaction volume. Mcl-1 gene
expression was quantified using mean normalized against
either B-actin as a housekeeping gene. Specific primers were
Mcl-1  (forward, 5-GGGCAGGATTGTGACTCTCATT-3;
reverse 5-GATGCAGCTTTCTTGGTTTATGG-3); PB-actin
(forward, 5- AGGATTCCTATGTGGGCGAC-3; reverse, 5-
CGCGGTTGGCC-TTGGGGTTCA-3).

Statistics

All data sets are expressed as mean = standard error of the
mean (s.e.m.), and differences are considered significant
for P-values of <0-05. Comparisons are made using a
combination of parametric and non-parametric statistical
analyses, as specified and as appropriate to the data sets.
Paired two-tailed Student’s t-test or one-way analysis of
variance (ANOVA) followed by post-hoc comparison tests
were used for normally distributed data.
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Results

Effects of purvalanol A on apoptosis of neutrophils
and PBMC

Our first experiments set out to determine if purvalanol A,
like other CDK inhibitors, induced apoptosis in human
leucocytes. Initial experiments were performed in which
neutrophils were incubated with purvalanol A at concen-
trations up to 30 uM (or vehicle control), and apoptosis
was determined by flow cytometry at 6 and 20 h: apoptosis
at 6 h was maximal at 20 pM purvalanol A, while
apoptosis at 20 h was maximal at 30 uM purvalanol A
(data not shown). This latter concentration of purvalanol
A was therefore used in all subsequent experiments.
Neutrophils and PBMCs were isolated from the blood of
healthy volunteers, incubated in the absence or presence of
purvalanol A for 18 h and early and late apoptosis were
measured by annexin V and PI staining, respectively.
Figure la shows that purvalanol A treatment resulted in a
significant increase in apoptosis of neutrophils, compared
to untreated values under these culture conditions, but this
increase did not reach statistical significance in PBMC,
which were much more resistant to apoptosis. As approxi-
mately 60% of untreated neutrophils exhibited morpholog-
ical features of apoptosis by this incubation time, we then
decided to determine if purvalanol A had any shorter-term
effects on these cells. Untreated neutrophils underwent
apoptosis slowly during culture, with approximately 10%
of cells showing apoptotic properties by 6 h (Fig. 1b).
However, by 6 h incubation with purvalanol A, approxi-
mately 30% of the population were apoptotic (P < 0-05,
n=3). Under these experimental conditions, no significant
changes in number of apoptotic PBMCs were observed in
the absence or presence of this inhibitor (Fig. 1c).

Effects of purvalanol A on Bcl-2 family protein
expression in neutrophils and PBMCs

The anti-apoptotic protein Mcl-1 plays a key role in the
regulation of neutrophil apoptosis and survival, and its
expression levels are regulated dynamically by post-
translational modifications [3,5]. Therefore, we incubated
neutrophils for up to 6 h in the presence or absence of pur-
valanol A and determined levels of expression of this key
survival protein. Figure 2a,b shows that Mcl-1 declined
slowly as control neutrophils were cultured over this 6-h
period, but in the presence of purvalanol A this decline was
greatly accelerated: by 6 h incubation with purvalanol A,
levels of this protein were only approximately 40% of those
at time zero (P < 0-05, n = 3). In cultured PBMCs, levels of
Mcl-1 were stable over this 6-h incubation period but,
again, purvalanol A treatment resulted in a significant
decrease in levels of this protein (Fig. 2¢,d; P<0-05,
n=13). Thus, purvalanol A treatment resulted in marked
decreases in the levels of this anti-apoptotic protein by 6 h
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Fig. 1. Effects of purvalanol A on white blood cell apoptosis.

(a) Neutrophils and peripheral blood mononuclear cells (PBMCs)
were isolated from healthy donors and incubated for 18 h in the
absence (untreated) or presence of purvalanol A (30 uM). In (b)
neutrophils and (c) PBMCs were incubated for 0—6 h in the absence
(untreated) or presence of 30 pM purvalanol A. Early and late
apoptosis was assessed by flow cytometry using annexin V (white
bar) and propidium iodide (PI) (shaded bar), respectively. Data are
shown as mean (* standard error of the mean, n=3), *P<0-05
(paired two-tailed Student’s t-test compared to untreated control at
the same time-point).

in both cell types, but induced apoptosis only in neutro-
phils. The reasons for this differential effect on apoptosis in
these different cell types were explored further.

Human neutrophils do not express Bcl-2 or Bcl-X;, pro-
teins, but these proteins are expressed highly in PBMCs
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Fig. 2. Effects of purvalanol A on Mcl-1 expression in neutrophils
and peripheral blood mononuclear cells (PBMCs). Cells were
incubated in the absence (untreated or O) or presence of 30 pM
purvalanol A (purvalanol or @) for 2, 4 and 6 h before preparation
for Western blotting for myeloid cell leukaemia factor-1 (Mcl-1)

(40 kDa) and B-actin (42 kDa), quantified by densitometry. (a,c)
Typical Western blots; (b,d) densitometric analyses, expressed as a %
of untreated control samples at time zero (* standard error of the
mean, n=3), *P<0-05 (paired two-tailed Student’s t-test). Western
blots shown are representative of n = 3 experiments.

[16]. Figure 3 shows that levels of these two anti-apoptotic
proteins changed very little, if at all, during 6 h culture of
PBMCs in the presence or absence of purvalanol A. As
neutrophils rely mainly upon Mcl-1 for survival, whereas

Purvalanol A-induced Mcl-1 turnover
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Fig. 3. Effects of purvalanol A on B cell lymphoma-2 (Bcl-2) or B cell
lymphoma-extra large (Bcl-Xy) expression in peripheral blood
mononuclear cells (PBMCs). Cells were incubated in the absence
(untreated or O) or presence of 30 UM purvalanol A (purvalanol or @)
for 2, 4 and 6 h before preparation for Western blotting for Bcl-2

(22 kDa) and Bdcl-X; (25 kDa) and B-actin (42 kDa), quantified by
densitometry. (a,c) Typical Western blots; (b,d) densitometric analyses,
expressed as a % of untreated control samples at time zero (= standard
error of the mean, n= 3), *P<0-05 (paired two-tailed Student’s #-test).
Western blot shown is representative of n= 3 experiments.

PBMCs have multiple anti-apoptotic Bcl-2 family proteins
to regulate their survival, the mechanisms underpinning
these differential effects of purvalanol A on apoptosis on
these two cell types are explained: this inhibitor knocks
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Fig. 4. Effects of purvalanol A and granulocyte-macrophage colony-
stimulating factor (GM-CSF) on neutrophil myeloid cell leukaemia
factor-1 (Mcl-1) expression and apoptosis. Neutrophils were
isisolated from three donors and incubated for 0-6 h (a,c,d) or 20 h
(b) in the absence (I, untreated, O) or presence of 50ng/ml
GM-CSF ([, GM-CSE, A), 30 uM purvalanol A ([], purvalanol, @)
and both together ([, GM-CSF + purvalanol, x). In (a,b), apoptosis
was assessed by flow cytometry using annexin V and propidium
iodide (PI), while Mcl-1 expression was measured by Western
blotting (c,d) and expression levels quantified by densitometry (d).
Data are shown as mean (= standard error of the mean, n = 3).
*P<0-05 **P<0-01 [one-way analysis of variance (ANOVA)
followed by Bonferroni’s post-hoc comparison tests]. Western blot
shown is representative of n =3 experiments.

down expression of Mcl-1 in both cell types, but as PBMCs
express other survival proteins they do not undergo
apoptosis, even though Mcl-1 is ablated. In contrast,
neutrophils cannot survive in the absence of appropriate
levels of Mcl-1.

Neutrophil apoptosis is delayed significantly in the pres-
ence of the proinflammatory cytokine, granulocyte—macro-
phage colony-stimulating factor (GM-CSF), which induces
a small increase in transcription of Mcl-1 but a large
increase in the stability of this protein [6,17]. We therefore
determined if purvalanol A could interfere with GM-CSF-
mediated protection of neutrophil apoptosis. Neutrophils
were incubated with purvalanol A and GM-CSF, alone and
together during 6- and 20-h incubation periods. After 6 h
incubation, purvalanol A treatment alone increased neutro-
phil apoptosis significantly, but also blocked the protective

effect of GM-CSF (Fig. 4a). After 20 h incubation, these
effects were more marked: GM-CSF protected against neu-
trophil apoptosis but purvalanol A negated completely this
protective effect of GM-CSF (Fig. 4b). These effects on
apoptosis were also mirrored by measurements of Mcl-1
protein levels (Fig. 4c,d): GM-CSF protected against Mcl-1
loss during culture, but could not protect against the
purvalanol A accelerated loss of this protein.

Previous experiments have shown that CDK inhibitors
can block transcription in neutrophils, and this can result
in rapid decreases in Mcl-1 protein because of its naturally
high rate of turnover [11-13]. However, we did not detect
any effect of purvalanol A on Mcl-1 mRNA levels during a
4-h incubation period (Fig. 5a). Therefore, we hypothe-
sized that these rapid changes in Mcl-1 protein induced by
purvalanol A treatment of neutrophils were explained by
changes in its rate of turnover [18]. We incubated neutro-
phils in the presence of cycloheximide to block protein
translation and in the absence (control) and presence of
purvalanol A. In the absence of purvalanol A, the half-life
of Mcl-1 measured under these conditions was approxi-
mately 2 h, in line with previous measurements [6], but in
the presence of purvalanol A this half-life was decreased to
just over 1 h (Fig. 5b,c). This change in protein stability
was due probably to a post-translational modification of
Mcl-1 induced directly or indirectly by purvalanol A
treatment.

Purvalanol A-induced activation of intracellular
signalling pathways in neutrophils

A number of intracellular signalling pathways have been
implicated in the regulation of Mcl-1 turnover and control
of neutrophil apoptosis and survival [4,6,17,19]. We there-
fore measured the effects of purvalanol A on activation of a
number of these pathways and determined if this inhibitor
could interfere with the anti-apoptotic signalling pathways
induced by GM-CSE. Erk was inactive in unstimulated
neutrophils, and its activation status did not change during
culture for 1 h and, in line with previous observations [6],
it was activated rapidly and transiently in response to
GM-CSF (Fig. 6a,b). Purvalanol A alone resulted in a very
small, insignificant increase in Erk activation but it ablated
completely the activation induced by GM-CSE. pSTAT-3
was also activated rapidly and transiently by GM-CSEF, and
again this activation was blocked when purvalanol A was
added together with GM-CSF (Fig. 6¢,d). GM-CSF also
activated a transient increase in phosphorylation of Akt
(Fig. 7a,b), but purvalanol A alone also activated this
signalling molecule with similar kinetics to that induced by
GM-CSF: the combined effects of these two agents on Akt
activation were additive. GM-CSF treatment activates
p38-MAPK with unusual kinetics that are sustained over a
5-h incubation period [6]. Purvalanol A treatment resulted
in a remarkable level of activation of p38-MAPK that was
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Fig. 5. Effect of purvalanol A on the half-life of myeloid cell
leukaemia factor-1 (Mcl-1) in neutrophils. In (a) neutrophils were
incubated in the absence (@) or presence (O) of purvalanol A for
the indicated times. Levels of MCLI mRNA were then quantified by
quantitative polymerase chain reaction (qQPCR) after correction for
ACTB mRNA levels. (b,c) Neutrophils were preincubated for 10 min
with 10 pg/ml cycloheximide prior to 0, 1, 2, 3 and 4 h incubation
in the absence (untreated, @) or presence of 30 pM purvalanol A
(purvalanol, O). Protein extracts were prepared at the times
indicated and analysed by Western blotting for levels of Mcl-1

(40 kDa) and actin (42 kDa). (b) Typical Western blot;

(c) densitometric analyses, expressed as a % of untreated control
samples at time zero (= standard error of the mean, n = 3),

*P < 0-05 (paired two-tailed Student’s t-test). Western blot shown is
representative of n =3 experiments.

sustained over a 1-h incubation period, and the high level
of activation of this signalling molecular induced by this
kinase inhibitor was unaffected by co-incubation with
GM-CSF (Fig. 7¢,d).

Thus, purvalanol A inhibits activation of Erk and
STAT-3 signalling induced by GM-CSF that may partly
explain the mechanism by which it blocks the effects of
GM-CSF on neutrophil survival. However, this CDK
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Fig. 6. Effects of purvalanol A and granulocyte—macrophage colony-
stimulating factor (GM-CSF) on extracellular-regulated kinase (Erk)
and signal transducer and activator of transcription (STAT)-3
activation in neutrophils. Cells were incubated in the absence
(untreated or O) or presence of 30 uM purvalanol A (purvalanol
or @), 50 ng/ml GM-CSF (GM-CSF or A) and both

(GM-CSF + purvalanol or x) for 15, 30 and 60 min before
preparation for Western blotting for pErk/pan-Erk (42—44 kDa) and
pSTAT-3/pan-STAT-3 (80 kDa) quantified by densitometry. (a,c)
Typical Western blots; (b,d) densitometric analyses, expressed as a %
of untreated control samples at time zero (* standard error of the
mean, n=3). *P<0-05; **P<0-01 [one-way analysis of variance
(ANOVA) followed by Bonferroni’s post-hoc comparison tests].
Western blot shown is representative of n =3 experiments.

inhibitor alone induced a substantial and sustained
increase in p38-MAPK activation which may, at least in
part, explain its mechanism of action in increasing Mcl-1
turnover and acceleration of apoptosis.
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Fig. 7. Effects of purvalanol A and granulocyte-macrophage colony-
stimulating factor (GM-CSF) on protein kinase B (Akt) and p38-
mitogen-activated protein kinase (MAPK) activation in neutrophils.
Cells were incubated in the absence (untreated or O) or presence of
30 uM purvalanol A (purvalanol or @), 50 ng/ml GM-CSF
(GM-CSF or A) and both (GM-CSF + purvalanol or x) for 15, 30
min and 1 h before preparation for Western blotting for pAkt

(60 kDa) and B-actin (42 kDa), or pp-38-MAPK/pan p38-MAPK
(43 kDa) quantified by densitometry. (a,c) Typical Western blots;
(b,d) densitometric analyses, expressed as a % of untreated control
samples at time zero. *P < 0-05; **P<0-01 [one-way analysis of
variance (ANOVA) followed by Bonferroni’s post-hoc comparison
tests). Western blot shown is representative of n =3 experiments.

We then tested the effects of a pan p38-MAPK inhibitor
on purvalanol A-induced acceleration of neutrophil
apoptosis and increased Mcl-1 turnover. p38-MAPK can
exist in four isoforms (a—3), but human neutrophils

express only p38a and p383 [20,21]. The inhibitor
BIRB796 inhibits all four isoforms of this enzyme [22], so
its effects were investigated. Neutrophils were therefore
incubated for up to 6 h in the absence (control) or in the
presence of purvalanol A and BIRB796, alone or together.
As shown previously (Fig. 4), levels of Mcl-1 declined
slowly during culture, but this was accelerated greatly in
the presence of purvalanol A (Fig. 8a,b). BIRB796 itself had
no effect on Mcl-1 levels, but it partly blocked the loss in
Mcl-1 levels induced by purvalanol A treatment (P < 0-05).
Similarly, BIRB796 partly blocked the purvalanol A
induced acceleration of neutrophil apoptosis (Fig. 8c,
P <0-05).

Discussion

Although circulating human blood neutrophils do not
divide and replicate, they express a number of enzymes and
processes that are associated normally with DNA synthesis
and cell division [7-14]. Neutrophil apoptosis is a key
event in the regulation of the function of these cells during
inflammatory activation, and rapidly switches cell fate
from constitutive apoptosis and a short half of circulating
cells, into an extended lifespan when cells are recruited into
inflammatory sites [1,2]. This delay in apoptosis is required
for inflammatory neutrophils to survive for sufficient time
to appropriately perform their function in inflammation or
infection, but apoptosis must then be triggered when this
function is complete in order for inflammation to resolve.
Neutrophils are exquisitely adapted for this rapid switch
from apoptosis to survival by virtue of the composition
and control of their apoptotic constituents. They express a
range of pro-apoptotic members of the Bcl-2 family, but
their survival is highly dependent upon the function of
the anti-apoptotic protein, Mcl-1, whose levels within
neutrophils can be up- or down-regulated rapidly by post-
translational modifications that include reversible phos-
phorylation of key resides in the PEST domains [23,24].
Many of the enzymes expressed in neutrophils that are
associated normally with cell cycle control and progression
appear to interfere, directly or indirectly, with the control
of apoptosis.

In the present study, we have made the novel discovery
that the CDK-2 inhibitor, purvalanol A, triggers a rapid
onset of apoptosis in human neutrophils, but not in
PBMCs. We also found that this inhibitor induces a rapid
loss of Mcl-1 protein, but this inhibitor had no effect on
Mcl-1 mRNA levels (measured by qPCR) during a 4-h
incubation compared to untreated control levels. This
rapid loss in Mcl-1 protein levels was found to be due to an
increase in the turnover rate of the protein that was
induced by purvalanol A, the half-life of the protein being
decreased from approximately 2 h to approximately 1 h.
Unlike PBMCs, which also express the anti-apoptotic
proteins, Bcl-2 and Bcl-Xy, this loss of Mcl-1 induced by

178 © 2018 British Society for Immunology, Clinical and Experimental Immunology, 192: 171-180



BIRB +

(a) Untreated Purvalanol BIRB Purvalanol

Hours post-treatment

—_
O
-

120

100

-]
(=]

Mcl-1 Relative Expression (% Control)
L2
o

40 *
20
0 L ' )
0 2 4 6
Time (h)
(c)
40 r *
1

30 | T

10 | i T i

Untreated Untreated GM-CSF BIRB Purvalanol  BIRB +
Purvalanol

Apoptosis (%)
N
=]

Oh 6h

Fig. 8. Effects of purvalanol A and p38-mitogen-activated protein
kinase (MAPK) inhibition on myeloid cell leukaemia factor-1
(Mcl-1) expression and apoptosis in neutrophils. Neutrophils were
incubated in the absence (untreated or O) or presence of 30 pM
purvalanol A (purvalanol or @), 10 uM BIRB796 (BIRB or A) and
both (BIRB + purvalanol or A) for 2, 4 and 6 h before preparation
of extracts for Western blotting for Mcl-1 (40 kDa) and B-actin
(42 kDa) quantified by densitometry and apoptosis. (a) Typical
Western blots; (b) densitometric analyses, expressed as a % of
untreated control samples at time zero. (c) shows effects on
apoptosis after 6 h incubation as described above. *P <0-05
[one-way analysis of variance (ANOVA) followed by Bonferroni’s
post-hoc comparison tests]. Western blot shown is representative of
n =3 experiments.

purvalanol A induced rapid cell death in neutrophils
because of their high dependency upon this protein for
survival.

It has been shown that the apoptosis-delaying effects of
cytokines such as GM-CSF on neutrophils are due largely
to effects on protein stability, rather than changes in tran-
scriptional levels [6]. Conversely, agents that accelerate
neutrophil apoptosis can decrease Mcl-1 stability [18].

Purvalanol A-induced Mcl-1 turnover

Several kinase signalling pathways are involved in the regu-
lation of Mcl-1 levels by GM-CSEF, which rapidly activates
pathways such as Erk and Akt, while inhibitors of Erk and
phosphatidylinositide 3-kinases (PI3K) block the protective
effects of GM-CSF on Mcl-1 stability [6]. We therefore
determined the effects of purvalanol A on Mcl-1 stability in
the presence of GM-CSF to determine if the CDK-2 inhibi-
tor could overcome the stabilizing effects of these cytokine.
We found that purvalanol A partly abrogated the protective
effects of GM-CSF on neutrophil apoptosis and Mcl-1
stability.

We then sought to determine the effects of purvalanol A
on a number of signalling cascades implicated in neutro-
phil survival and Mcl-1 stability to provide insights into
the mechanism of action of the CDK-2 inhibitor. Remark-
ably, we found that purvalanol A completely abrogated the
activation of Erk and STAT-3 induced by GM-CSE, while it
activated Akt: its effects on Akt activation in the presence
of GM-CSF were additive. Because GM-CSF alone activates
Akt, which is required, at least in part, for GM-CSE-
enhanced Mcl-1 stability [6], we feel it is unlikely that pur-
valanol A-induced Akt activation itself plays a major role in
promotion of apoptosis by this CDK2 inhibitor. Erk has
been shown previously to be required for the GM-CSEF-
mediated increase in Mcl-1 stability. Hence, abrogation of
this GM-CSF mediated Erk activation may be responsible,
at least in part, for its ability to abrogate the protective
effect of this cytokine on apoptosis and Mcl-1 stability.

Surprisingly, we found that purvalanol A induced a very
rapid and sustained activation of p38-MAPK that was
unaffected by co-incubation with GM-CSE The role of
p38-MAPK in the regulation of neutrophil survival and
apoptosis is somewhat controversial, with some reports
suggesting a protective effect, while others suggest a pro-
apoptotic effect [25-28]. Human neutrophils express two
of the four known isoforms of p38-MAPK, namely p38a
and p-383 [20], so we determined the effects of the pan
p38-MAPK inhibitor, BIRB796, which inhibits all four
isoforms of this enzyme on apoptosis and Mcl-1 levels in
the absence or presence of purvalanol A. We show that
BIRB796 partially blocks the effects of purvalanol A on
apoptosis and Mcl-1 degradation, suggesting strongly that
the effects of purvalanol A in human neutrophils are at
least partly dependent upon activation of this kinase, acti-
vation of which, directly or indirectly, promotes Mcl-1
turnover and subsequent apoptosis. One possibility, there-
fore, is that CDK2 may regulate the activation of p38-
MAPK negatively, but further work is necessary to confirm
or refute this hypothesis.

In summary, we show that a CDK-2 kinase inhibitor
induces a rapid and extensive promotion of apoptosis in
human neutrophils, and partly negates the effects of the
anti-apoptotic protein, GM-CSFE. This promotion in apo-
ptosis is mediated by a marked increase in the turnover
rate of the anti-apoptotic protein Mcl-1. We also show that
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this effect of purvalanol A is mediated by its direct or indi-
rect activation of p38-MAPK, inhibition of which partly
reverses the effects of the CDK-2 inhibitor on apoptosis.
This is another example of an enzyme, CDK-2, involved
normally in cell cycle regulation, having profound effects
on neutrophil function that are completely independent of
known effects on cell cycle control. These data reveal a role
of CDK-2 playing a role in regulation of the kinase
signalling processes that regulate Mcl-1 post-translational
modifications to alter its stability and turnover rate.
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