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Abstract

Apoptosis is a key pathologic feature in acute lung injury. Animal
studies have demonstrated that pathways regulating apoptosis are
necessary in the development of acute lung injury, and that activation
of p38 mitogen-activated protein kinase (MAPK) is linked to the
initiation of the apoptotic cascade. In this study, we assessed the role
of the MAPK-activated protein kinase (MK) 2, one of p38 MAPK’s
immediate downstream effectors, in the development of apoptosis in
an animal model of LPS-induced pulmonary vascular permeability.
Our results indicate that wild-type (WT) mice exposed to LPS
demonstrate increased apoptosis, as evidenced by cleavage of caspase
3 and poly (ADP-ribose) polymerase 1 and increased deoxynucleotidyl
transferase–mediated dUDP nick-end labeling staining, which is
accompanied by increases in markers of vascular permeability. In

contrast,MK22/2 mice are protected from pulmonary vascular
permeability and apoptosis in response to LPS. Although there was no
difference in activation of caspase 3 inMK22/2 compared with WT
mice, interestingly, cleaved caspase 3 translocated to thenucleus inWT
mice while it remained in the cytosol ofMK22/2 mice in response to
LPS. In separate experiments, LPS-induced apoptosis in human lung
microvascular endothelial cells was also associated with nuclear
translocation of cleaved caspase 3 and apoptosis, which were both
prevented byMK2 silencing. In conclusion, our data suggest thatMK2
plays a critical role in the development of apoptosis and pulmonary
vascular permeability, and its effects on apoptosis are in part related to
its ability to regulate nuclear translocation of cleaved caspase 3.
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Acute lung injury (ALI) is a devastating
illness, with an annual incidence of 200,000
and a mortality rate upwards of 40% (1).
Most commonly seen in the setting of
sepsis (2, 3), ALI is a complex syndrome
marked by increased vascular permeability
causing tissue edema and profound hypoxia
(4) as a result of interstitial inflammation
and disruption of the endothelial vascular
barrier (5, 6). There are no directed
therapies for ALI, and treatment remains
largely supportive (5).

Recent studies investigating the
pathogenesis of ALI have demonstrated
that apoptosis is a major feature of lung
injury (6–12). Apoptosis is a highly
regulated process where proapoptotic
signals cleave and activate caspases, which
act to both amplify death stimuli via
initiator caspases and ultimately dismantle
the cell via the effector caspases (13).
Inhibiting apoptosis, via inhibiting caspase
activity, prevents lung injury, suggesting
a necessary role for caspase activation in

the development of apoptosis-induced
lung injury (7, 14, 15).

Several recent publications have
implicated p38 mitogen-activated protein
kinase (MAPK) in the pathogenesis of ALI
(7, 12, 16, 17). Furthermore, activation of
p38 MAPK has been linked to the initiation
of proapoptotic cascades, leading to cell
death (12, 18, 19). Our laboratory has
recently shown that p38 MAPK is both
upstream and necessary for activation of
the executioner caspases 3 and 7 and
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eventual apoptosis. Moreover, inhibiting
p38 MAPK abrogates caspase 3/7 activity
and prevents apoptosis in vivo (7). The
MAPK-activated protein kinase (MK) 2,
a well described substrate of p38, is
phosphorylated and activated by p38
MAPK in response to cellular stress (20).
Recently, Shiroto and colleagues (21)
demonstrated that MK22/2 mice exhibit
decreased numbers of cardiomyocytes
undergoing apoptosis in response to
myocardial ischemia–reperfusion injury. The
mechanism(s) by which MK2 deficiency is
protective against apoptosis is not known.
Furthermore, the ability of MK2 to interact
with the molecular machinery of apoptosis
(i.e., caspase activation) has not been
evaluated. As such, we tested the hypothesis
that MK2 is necessary for activation of the
apoptotic cascade (i.e., caspase 3 cleavage)
and resultant apoptosis during endotoxemia-
induced pulmonary vascular permeability.

Materials and Methods

The Johns Hopkins University Institutional
Animal Care and Use Committee approved
all animal protocols. Detailed methods
are in the online supplement.

Male C57BL/6J (wild-type [WT]) mice,
aged 10–12 weeks (Jackson Laboratory,
Bar Harbor, ME) and MK22/2 mice,
C57BL/6J background (20), were exposed to
intravenous PBS or LPS (0127:B8, product
no. L3129; Sigma, St. Louis, MO) via retro-
orbital injection (22) for up to 24 hours.

Histology

Lung tissue sections were incubated with
antibodies against cleaved caspase 3 (Cell
Signaling, Cambridge, MA). Negative
antibody controls revealed no staining.
Nuclear staining was achieved with 49,6-
diamidino-2-phenylindole or To-Pro1.
Confocal images were pseudocolored.
Quantification of colocalization of cleaved
caspase 3 and nuclear staining was
performed using ImageJ (Bethesda, MD).

Markers of Apoptosis

Apoptosis was measured by terminal
deoxynucleotidyl transferase–mediated
dUDP nick-end labeling (TUNEL) staining,
DeadEnd Colorimetric TUNEL System
(Promega, Madison, WI), and the presence
of DNA laddering using Apoptotic DNA
Ladder Detection Kit II (Promokine,
Heidelberg, Germany).

Caspase 3/7 activity was measured
using Caspase-Glo 3/7 Assay (Promega).

Immunoblot Analysis

Phospho-specific and anti–total antibodies
directed at p38, MK2, heat shock protein
(HSP)27 (Cell Signaling, Boston, MA), and
HSP25 (Abcam, Cambridge, MA), as well
as antibodies directed against cleaved
caspase 3, total caspase 3, poly (ADP-
ribose) polymerase 1 (PARP1; Cell
Signaling) and Rho-associated, coiled-coil
containing protein kinase 1 (ROCK1;
Abcam) were used. Manufacturer-
generated positive controls are denoted as
positive, unless otherwise indicated.

Nuclear and cytosolic fractionation.

Lungs were flushed free of blood,
harvested, and then mashed through
a 70-mm nylon cell strainer (BD Falcon,
Franklin Lakes, NJ). Nuclear and
cytosolic fractions of the resulting cell
suspensions were generated using NE-
PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher Scientific,
Rockford, IL).

Reagents and Tissues

Human lung microvascular endothelial

cells. Human lung microvascular
endothelial cells (HMVECs) derived from
individual donors (Lonza, Walkersville,
MD) were maintained in complete media
with 10% FBS and analyzed between
passages 7 and 9. HMVECs were placed in
basal media, 1% FBS supplementation,
overnight and LPS (25 ng/ml) was added
for up to 16 hours. Control cells had
PBS added.

Short interfering RNA. Duplex RNAs
encoding nontargeting short interfering RNA
(siRNA) (On-Target Plus; denoted siRNA-
Scrambled) and siRNA directed against
humanMK2 were used for RNA interference
(Dharmacon, Inc., Lafayette, CO). Four
duplex siRNAs targetingMK2 were screened.
siRNA number J-003516-13 (sequence,
GGCAUCAACGGCAAAGUUU) had the
most effect in MK2 suppression (data not
shown), and was used for knockdown
studies.

Human tissues. Deidentified lung
samples with diffuse alveolar damage were
obtained from the Department of Pathology
archives of the University of Colorado, as
previously described (23). Control lung
tissues were collected from deidentified
organ donors procured by the International

Institute for the Advancement of Medicine
(Exton, PA), or the National Disease
Research Institute (Philadelphia, PA).

Statistical Analysis

Data are shown as means (6 SEM).
Comparison between two groups was
performed using t tests. We performedmultiple
comparisons by ANOVA with Tukey’s post hoc
testing. For comparisons between groups, two-
way ANOVA was performed to detect
differential effects of LPS with post hoc t testing.
A P value of less than 0.05 was considered
significant. Data were analyzed using
GraphPad Prism 4 (La Jolla, CA).

Results

Intravenous LPS Induces Pulmonary

Vascular Permeability

Because sepsis is one of the most common
precipitating causes of ALI (2, 3), we created
a murine model of endotoxemia-induced
pulmonary vascular permeability to
recapitulate the early signaling events in
sepsis-induced ALI. Adult male WT mice
were subjected to intravenous PBS or LPS
at increasing doses for 6 hours. This time
point was chosen on the basis of prior
published work (24). As shown in Figures
1A and 1B, there is a dose-dependent
increase in the amount of Evans blue dye
(EBD) extravasation and wet-to-dry lung
weight ratios. There was no statistical
difference in the amount of capillary
leakage in mice exposed to 7.5 mg/kg of
LPS compared with 10 mg/kg of LPS.

Intravenous LPS Induces Apoptosis

within the Lung

As shown in Figure 1C, there is marked
cleavage (i.e., activation) of caspase 3 in
total lung homogenates after 6 hours of
exposure to intravenous LPS as compared
with PBS. The antibody against total
caspase 3 recognizes both the total,
pro–caspase 3 (z 34 kD), as well as cleaved
caspase 3, which is comprised of the
approximately 17-kD fragment and the
large fragment that is still associated with
the prodomain (z 19 kD) (25). To
determine if the activation of the apoptotic
cascade (i.e., cleavage of caspase 3) in fact
culminated in apoptosis, TUNEL staining
was performed. There was a marked
increase in the amount of TUNEL-positive
cells in lung tissue sections of mice exposed
to intravenous LPS as compared with
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PBS (Figure 1D). As TUNEL-positive
staining can also result from other forms of
cell death (i.e., necrosis), we assessed for
DNA laddering from the DNA isolated
from lungs of mice exposed to LPS to
confirm that the positive TUNEL staining
resulted from apoptosis. As shown in
Figure 1E, there is significant DNA
laddering, signifying internucleosomal
degradation of DNA characteristic of
apoptosis, in lungs of mice exposed to LPS.
Finally, to demonstrate that caspase-
dependent apoptosis is a pathogenic factor
in this model of LPS-induced pulmonary
vascular permeability, we inhibited
apoptosis with the broad-spectrum caspase
inhibitor, z-ASP. As shown in Figure E1A in
the online supplement, the LPS-induced
increase in EBD extravasation is completely
abrogated with z-ASP pretreatment.

MK2 Is Necessary for LPS-Induced

Pulmonary Vascular Permeability

and Apoptosis

Immunoblot analyses demonstrated that
intravenous LPS induces phosphorylation of

HSP25, the phosphorylation target of MK2,
whereas MK22/2 mice are unable to
phosphorylate HSP25 (Figure 2A). As
shown in Figures 2B and 2C, MK22/2 mice
exposed to intravenous LPS are almost
completely protected from pulmonary
vascular permeability, as evidenced by the
lack of EBD lung extravasation and changes
in lung wet-to-dry weight ratios. Having
demonstrated that MK22/2 mice are
protected from pulmonary vascular
permeability in response to intravenous
LPS, we then investigated the role of MK2
on LPS-induced apoptosis. As shown in
Figure 2D, there is no increase in TUNEL-
positive staining in response to intravenous
LPS in MK22/2 mice as compared with
their WT counterparts, demonstrating
a protection from intravenous LPS-induced
apoptosis. Next, we sought to confirm the
role of MK2 in activation of the apoptotic
cascade. Surprisingly, MK22/2 mice were
still able to activate caspase 3 in response to
intravenous LPS (Figure 2E), despite the
absence of increased apoptosis (Figure 2D),
suggesting a dissociation between activation

of the apoptotic cascade and the execution
of apoptosis in these mice.

MK2 Is Necessary for Nuclear

Translocation of Cleaved Caspase 3

As nuclear translocalization of active
caspase 3 has been reported to be necessary
for the execution of apoptosis, and defective
nuclear translocalization of cleaved
caspase 3 is a potential mechanism
of apoptosis resistance (26–30), we
investigated the role of MK2 in nuclear
translocalization of cleaved caspase 3. There
was diffuse cellular staining of total caspase
3 in lung sections of WT mice under PBS
conditions, which did not change with LPS
exposure (Figure E2A). There was minimal
lung immunohistochemical staining for
the cleaved specific isoform of caspase 3 in
WT mice after exposure to PBS (data not
shown), consistent with the immunoblot
analysis of Figure 1C. Interestingly, after
intravenous LPS exposure in WT mice,
staining for cleaved caspase 3 directly
overlies the nucleus, whereas in MK22/2

mice it remained essentially within the

Figure 1. Intravenous exposure to LPS induces lung injury and apoptosis in mice. C57BL/6J mice were exposed to intravenous LPS or PBS for 6 hours

and lung tissue was harvested for evidence of lung injury and apoptosis. (A) Mice exposed to varying concentrations of intravenous LPS

demonstrate a dose-dependent increase in Evans blue dye (EBD) extravasation, with no significant increase above 7.5 mg/kg of LPS. (B) The wet-to-dry

(W/D) lung weight ratios were also increased in a dose-dependent manner with no significant increase above 7.5 mg/kg of LPS. (C) Lung tissue

homogenates from mice exposed to PBS or LPS were immunoblotted with antibodies recognizing total caspase 3. As shown, there is a significant

cleavage of caspase 3, as evidenced by increase in the two lower bands, which are comprised of the large fragment, roughly 17 kD, and the large

fragment that is still associated with the prodomain, roughly 19 kD. (D) Deoxynucleotidyl transferase–mediated dUDP nick-end labeling (TUNEL) staining of

lung tissue sections from mice exposed to PBS or LPS for 6 hours (left panels). Quantification of TUNEL staining reveals a significant increase in

TUNEL-positive staining in mice exposed to LPS compared with PBS. More than 1,500 events were counted from random images of four or five mice per

group. (E) Gel electrophoretic analysis of DNA isolated from lungs of mice treated with LPS demonstrates a ladder pattern compared with lungs at

baseline. *P , 0.05 versus PBS. 2, water alone (negative control); c-, cleaved; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; R, right; t-, total.
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cytosol after intravenous LPS exposure,
Figure 3A. To quantitatively assess any
difference in nuclear localization of
cleaved caspase 3 in WT and MK22/2 mice
after LPS exposure, confocal laser
immunofluorescent microscopy was used.
As shown in Figure 3B, there was nearly
a 30-fold difference in the number of
colocalized pixels of cleaved caspase 3 and
nuclear staining in WT and MK22/2 mice,
suggesting a critical defect in nuclear
localization of cleaved caspase 3 inMK22/2

mice. We further explored this phenomenon
using immunoblotting techniques.

As we are interested in early signaling
events leading to increased apoptosis and
vascular permeability, and were intrigued by
the effect of MK2 on caspase 3 activation, we
initially performed a time course of PARP1
cleavage. As shown in Figure E2B, there
was a significant increase in cleaved PARP1
after 2 hours of LPS exposure. We chose
this time point for further analyses. Nuclear
and cytosolic fractionations of lung tissue
obtained after 2 hours of intravenous LPS
exposure, a time of significant cleavage of
lung PARP1, demonstrated clear evidence of

cytosolic as well as nuclear cleaved caspase
3 in WT mice (Figure 3C). The large
fragment that is still associated with the
prodomain (z 19-kD fragment) is the one
that preferentially localized to the nuclear
fraction, suggesting that translocalization of
cleaved caspase 3 is an active and selective
process, and not merely occurring by
passive diffusion. Interestingly, both the
roughly 19-kD and roughly 17-kD
fragments of cleaved caspase 3 in MK22/2

mice remained in the cytosolic fraction
(Figure 3C), consistent with the imaging
findings. Immunoblot analysis of the
nuclear fractions over a time course
demonstrated minimal cleaved caspase 3
in the nucleus at baseline, with further
accumulation over time (Figure E2C),
suggesting progression of translocalization
of cleaved caspase 3 in WT mice, in
response to intravenous LPS.

To further confirm differential
localization of cleaved caspase 3 between
WT and MK22/2 mice in response to LPS,
we assessed for functional activity of
caspase 3 within cytosolic and nuclear
compartments. There was a substantial

increase in cleavage of ROCK1, a cytosolic
substrate of caspase 3, in both WT and
MK22/2 mice in response to LPS,
demonstrating that there is functional
active/cleaved caspase 3 in the cytosolic
compartment (Figure 4A and Figure E2E)
and in accordance with the imaging data
showing cleaved caspase 3 within the
cytosolic compartment in both WT and
MK22/2 mice (Figure 3). Interestingly,
there is a differential response to LPS
based on genotype—WT versusMK22/2

—in
the cleavage of ROCK1 (Figure 4A, two-
way ANOVA, P = 0.001), suggesting
increased cleavage of ROCK1
(i.e., increased cytoplasmic activity of
caspase 3) in MK22/2 mice as compared
with WT mice. We then determined
whether the nuclear substrate of caspase 3,
PARP1, was affected. WT mice
demonstrated a significant increase in
cleavage of PARP1 in response to LPS,
suggesting caspase 3 translocation to the
nucleus. In contrast, although there was
evidence of baseline cleaved PARP1 (with
PBS exposure) in MK22/2 mice (further
suggesting disassociation of “molecular

Figure 2. Mitogen-activated protein kinase (MAPK)-activated protein kinase (MK) 2 is necessary for lung injury and apoptosis in response to LPS. Wild-

type (WT) or MK22/2 mice were exposed to 7.5 mg/kg intravenous LPS or PBS for up to 6 hours and lung tissue was harvested for markers of lung

injury and evidence of apoptosis. (A) WT mice were exposed to LPS for up to 6 hours, after which lungs were harvested for protein analysis.

Representative immunoblots of three mice per time point. Left panel: Heat shock protein (HSP)25 is phosphorylated in response to LPS, with a peak

phosphorylation at 1–2 hours. Right panel: MK22/2 mice fail to phosphorylate HSP25 after exposure to LPS. 1, lung homogenate from WT mice after

2 hours of LPS exposure. (B and C) MK22/2 mice do not exhibit increase in lung injury in response to intravenous LPS compared with WT mice: EBD

extravasation (B), lung wet-to-dry weight ratios (C). (D) TUNEL staining of lung tissue sections from WT and MK22/2 mice exposed to PBS or LPS for

6 hours demonstrates a significant increase in WT mice in response to LPS, but there is no increase in TUNEL staining in MK22/2 mice. More than 3,000

events were counted from random images of four or five mice per group. (E) There is no differential caspase 3/7 activation in response to LPS in WT

and MK22/2 mice (two-way ANOVA, interaction P . 0.05). Caspase 3/7 activity is increased similarly in WT and MK22/2 mice after 6 hours of LPS

exposure. n = 4–8 mice per group; *P , 0.05 versus PBS.
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activation” of the apoptotic cascade and
apoptosis), this was not increased in
response to intravenous LPS (Figure 4B and
Figure E2F). Collectively, these data show
nuclear localization of cleaved caspase 3
over time in response to LPS in WT mice,
but not in MK22/2 mice (Figure 3),
consistent with the imaging data.

To confirm that MK2 deficiency did
not merely delay nuclear translocalization of
cleaved caspase 3, we extended our studies
from early time points of 2 and 6 hours to
also include 24 hours. We measured the
activity of caspase 3 within nuclear fractions
after 24 hours of intravenous LPS exposure.
As shown in Figure 4C, the total lung

lysates from WT and MK22/2 mice show
a similar increase in caspase 3/7 activity in
response to intravenous LPS. However, in
sharp contrast, nuclear caspase 3/7 activity
from the WTmice was significantly increased
(close to fourfold) in response to LPS,
whereas there was no change in MK22/2

mice (Figure 4C, two-way ANOVA,

Figure 3. MK2 is necessary for nuclear translocation of cleaved caspase 3 in response to LPS. (A) After exposure to LPS for 6 hours, staining for cleaved

specific caspase 3 in WT mice (black arrowheads) reveals concentrated staining overlying the nucleus. In MK22/2 mice, staining is diffuse and

primarily excluding the nucleus (white arrowheads). Dashed insets are optically zoomed. (B) Confocal laser microscopy demonstrates that cleaved specific

caspase 3 (red staining) in WT mice in response to LPS is intranuclear (blue staining) as well as cytosolic. In MK22/2 mice, cleaved caspase 3 is

primarily cytosolic. Quantification of colocalization of cleaved caspase 3 and nuclear staining demonstrates a nearly roughly 30-fold increase in WT mice

compared with MK22/2 mice. More than 250 images were analyzed. Representative images taken at 403 magnification and optically zoomed.

*P , 0.05. (C) Nuclear and cytosolic fractions from lung tissue of WT mice exposed to LPS for 2 hours reveals that the roughly 19-kD fragment of

cleaved caspase 3 is within the nuclear fraction, whereas the roughly 17-kD fragment remains within the cytosolic fraction. In MK22/2 mice exposed to

2 hours of LPS, both the roughly 19-kD and the roughly 17-kD fragments of cleaved caspase 3 are within the cytosolic fraction. Purity of nuclear and

cytosolic fractions was assessed by exclusion of GAPDH and HDAC2 immunoblotting, respectively. Representative immunoblot of three mice per

condition. C, cytosolic; HPF, high power field; N, nuclear.
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interaction P , 0.0001), further suggesting
that MK2 plays a pivotal role in nuclear
translocation of cleaved caspase 3. In the
cytosolic fractions, there was not a differential
effect of LPS on the increase in caspase 3/7
activity based on genotype (two-way
ANOVA, interaction P . 0.05). There was
a significant increase in caspase 3/7 activity in
WT, whereas the increase was borderline
significant in MK22/2 mice (P = 0.056).
Despite that borderline increase in cytosolic
caspase 3/7 activity in MK22/2 mice in
response to LPS when measured using
activity assays, the in situ functional cytosolic
caspase 3 activity was significantly higher in
MK22/2 than WT mice (Figure 4A).

Role of MK2 in Apoptosis in

Human Tissues

To test the interspecies relevance of our
results, we sought to replicate these findings
in human tissues. As our experiments thus
far have been performed in whole mouse
lungs, the relevant cellular compartment is
unclear. We hypothesized that, because

our animal preparation mostly models
pulmonary vascular permeability,
endothelial cells, due to their position,
are likely prime targets of intravenous LPS
and resulting apoptosis, as previously
demonstrated. Despite showing significant
increases in pulmonary vascular
permeability (lung wet-to-dry weight, EBD
extravasation, Figure 1) in response to
intravenous LPS, we were unable to
demonstrate other classic features of ALI,
such as disruption of the epithelial barrier
leading to alveolitis (i.e., change in
bronchoalveolar lavage fluid protein
concentration [Figure E1B] in our model,
similar to other reports [31]), suggesting
increased interstitial edema, and
implicating a critical role for endothelial
cells in our model. To that end, we
investigated the role of MK2 in activation
of the apoptotic cascade as well as the
execution of apoptosis in HMVECs. Using
incremental doses of LPS, we determined
that 25 ng/ml consistently induced
apoptosis (data not shown) in HMVECs, as

evidenced by nuclear morphological
analysis with Hoechst dye 33,342
(Invitrogen, Carlsbad, CA) staining, as
previously described (32). We next
investigated the activation of the p38
MAPK–MK2–HSP27 signaling cascade in
HMVECs in response to LPS. As shown in
Figure 5A, p38 MAPK, MK2, and HSP27
(the human homolog of mouse HSP25)
have a similar pattern of phosphorylation,
demonstrating activation of this pathway in
these cells in response to LPS. Caspase 3
is cleaved as early as 1 hour after LPS
exposure, with peak cleavage occurring at
between 2 and 4 hours, Figure 5B. We
subsequently obtained nuclear and
cytosolic fractions of HMVECs exposed to
LPS to determine whether cleaved caspase 3
translocated to the nucleus. As shown in
Figure 5C, there was nuclear localization of
cleaved caspase 3 and an increase in PARP1
cleavage after LPS exposure, similar to
the murine samples (Figures 3 and 4).

To test the role of MK2 in this in vitro
model, we exposed cells to LPS and, using

Figure 4. MK2 is necessary for caspase 3 activity within the nucleus in response to LPS. (A) Left panel: representative immunoblot of lung tissue

homogenates of mice exposed to LPS for 6 hours indicates an increase in cleavage of Rho-associated, coiled-coil containing protein kinase 1 (ROCK1) in

both WT and MK22/2 mice in response to LPS. Densitometric analysis confirms a differential response to LPS based on genotype in the cleavage of

ROCK1 (two-way ANOVA, P = 0.001), indicating increased cleavage of ROCK1 in MK22/2 mice as compared with WT mice (right panel); n = 3 mice per

condition. (B) Left panel: representative immunoblot of nuclear and cytosolic fractions from lung tissue of mice exposed to PBS or LPS for 2 hours

indicates an increase in cleavage of poly (ADP-ribose) polymerase 1 (PARP1) in WT in response to LPS, but notMK22/2 mice, confirmed by densitometric

analysis (right panel). Purity of nuclear and cytosolic fractions was assessed by exclusion of GAPDH and HDAC2 immunoblotting, respectively. C,

cytosolic; N, nuclear; n = 3 mice per condition. (C) After exposure to 10 mg/kg of LPS for 24 hours, lungs were harvested and nuclear and cytosolic fractions

were separated. Left panel: total lung lysates from WT and MK22/2 mice after 24 hours of LPS exposure demonstrate a similar increase in caspase 3/7

activity.Middle panel: the nuclear fractions of lung tissue from these same mice demonstrate that WT mice show a significant increase in nuclear caspase

3/7 activity. There is no increase in nuclear caspase 3/7 activity in MK22/2 in response to LPS. Right panel: the cytosolic fractions from these mice

demonstrate no differential effect of LPS based on genotype, and that there is a significant increase in caspase 3/7 in WT, whereas the increase in

caspase 3/7 activity in MK22/2 mice reaches borderline statistical significance. n = 5–6 mice per condition. *P , 0.05 versus PBS/baseline.
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fluorescent microscopy, assessed for
apoptosis by nuclear morphology
(Figure 5D). There was increased apoptosis
in LPS-exposed cells treated with scrambled
siRNA, which was prevented by MK2
suppression using siRNA (Figure 5D).

Next, we investigated the role of MK2
in nuclear translocation of cleaved caspase 3
during apoptosis in HMVECs. As shown
in Figure 5E, substantial knockdown of
MK2 protein expression with siRNA

targeted against MK2 is achieved compared
with scrambled siRNA. Furthermore,
during WT conditions (siRNA scrambled),
there was increased cleaved PARP1 with
LPS exposure as compared with PBS
exposure. Similar to the in vivo findings,
there was no increase in cleaved PARP1
with LPS exposure with MK2 knockdown,
despite an increase in caspase 3 cleavage
(Figure 5E). Although there was slightly
less cleavage of caspase 3 with MK2

knockdown, there was still a significant
increase in the cleavage of ROCK1
(Figure 5F), a cytosolic substrate of caspase
3, with no increase in the cleavage of the
nuclear substrate of caspase 3, PARP1
(Figure 5E), in response to LPS exposure,
which is consistent with the in vivo findings
(Figures 3 and 4).

Little is known about cellular
localization of cleaved caspase 3 in humans,
in particular under diseased conditions.

Figure 5. MK2 is necessary for nuclear translocation of cleaved caspase 3 and apoptosis in human microvascular endothelial cells (HMVECs) in response

to LPS. HMVECs were exposed to 25 ng/ml of LPS or vehicle for up to 16 hours, after which cells were harvested for various analyses. (A) p38

MAPK, MK2, and HSP27 are phosphorylated in response to LPS, with an initial phosphorylation at 1 hour and a return to the unphosphorylated state by

16 hours. The doublet seen in the t-MK2 row (only when there is p-MK2) represents both the phosphorylated and unphosphorylated states of MK2.

Representative immunoblots of three separate experiments. (B) There is a significant cleavage of caspase 3 in response to LPS. (C) Nuclear and

cytosolic fractions of HMVECs exposed to LPS for 3 hours (approximate time of peak cleavage of caspase 3) reveals increased cleavage of PARP1 and

the roughly 19-kD fragment of cleaved caspase 3 within the nuclear fraction. Representative immunoblot of three separate experiments. (D) HMVECs were

exposed to short interfering RNA (siRNA)-scrambled and siRNA-MK2 before LPS exposure and nuclei were stained with Hoechst dye. Left panels:

fluorescent microscopy reveals apoptotic morphologic changes (i.e., nuclear condensation and fragmentation, white arrow). Quantification of

apoptotic cell death demonstrates that cells treated with siRNA-MK2 do not show an increase in apoptosis with LPS exposure for 13 hours.

Representative of two separate experiments with over 1,300 cells counted per group. (E) HMVECs were treated with siRNA targeting MK2 or

a nontargeting siRNA (siRNA-Scrambled), and 72 hours later were exposed to LPS for 4 hours. Left panel: there is increased cleaved PARP1 with

LPS exposure in cells treated with siRNA-Scrambled, but not with siRNA-MK2, even while there is increased cleaved caspase 3. Right panel:

densitometric analysis confirms increase in cleaved PARP1. (F) Cleavage of ROCK1 is increased in response to LPS in cells treated with both siRNA-MK2

and siRNA-Scrambled. *P , 0.05 versus PBS. Representative of three separate experiments. p-, phosphorylated.
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Accordingly, we performed
immunohistochemical staining of lung
tissue sections from patients who died with
asthma (non-ALI control), traumatic brain
injuries (nonpulmonary disease control),
and from patients with diffuse alveolar
damage (pathologic hallmark of acute
respiratory distress syndrome [ARDS]).
There was no appreciable staining for
cleaved caspase 3 in lung tissue from control
conditions (Figure E3B). However, lung
tissue biopsy specimens from patients with
ARDS demonstrated clear positive
staining for the cleaved specific isoform of
caspase 3, which overlies the nucleus in
numerous cells (Figure 6A). Using confocal
immunofluorescent microscopy, we
confirmed that cleaved caspase 3 staining
is localized within the nucleus and
perinuclear areas (Figure 6B), suggesting
nuclear localization of cleaved caspase 3 in
human patients with ARDS.

Discussion

This study demonstrates that LPS leads
to apoptosis and pulmonary vascular

permeability in an in vivo murine model
of sepsis. LPS exposure activates the
p38–MK2–HSP25/27 signaling pathway,
as well as the apoptotic cascade. On
activation of the apoptotic cascade, cleaved
caspase 3 translocates to the nucleus in the
execution of apoptosis. MK2 deficiency
does not prevent activation of the apoptotic
cascade (i.e., there is no attenuation in
activity of caspase 3). Rather, MK2
deficiency results in retention within the
cytosol of cleaved caspase 3 (the active
form), thus preventing its nuclear
translocation in response to LPS.
Importantly, these data suggest that nuclear
translocation of caspase 3, via MK2-
dependent mechanisms, is a necessary
step for the execution of LPS-induced
apoptosis and resultant vascular
permeability. Finally, we provide evidence
that, in human patients with ARDS,
a condition in which apoptosis is a key
pathogenic factor (33, 34), cleaved caspase
3 localizes within the nucleus.

It was surprising that MK2 knockdown
or deficiency did not protect against
activation of the apoptotic cascade. Our
group and others have previously shown

that p38 MAPK activates the apoptotic
cascade (7, 12, 18, 19, 35). Of the four
identified isoforms of p38, p38a has been
shown to be proapoptotic (36). Specifically,
p38 MAPK has been shown to activate
the mitochondrial pathway leading to
caspase 3 activation (19, 37). HSP27 is
protective against apoptosis in response to
numerous stimuli in vitro and in vivo
(38–41). HSP27 interacts with the
mitochondrial pathway of apoptosis to alter
activation of caspase 3 (42–44). Previous
work would suggest that MK2, an
immediate downstream substrate of p38
MAPK and the immediate upstream kinase
known to phosphorylate HSP27, should
affect apoptosis by altering caspase 3
activation. We focused our studies on the
intersection of MK2 with the apoptotic
cascade on caspase 3, as the initiator
caspases from both intrinsic and extrinsic
pathways culminate in activation of caspase
3. Our data clearly show that with MK2
deficiency, caspase 3 is activated, although
there is no increased apoptosis in response
to LPS, implicating a protective mechanism
downstream of caspase 3 activation
(i.e., prevention of nuclear translocation of
cleaved caspase 3).

Another rather surprising finding was
the cleavage of PARP1 at baseline conditions
with MK2 deficiency or knockdown.
However, there was no significant increase
in cleaved PARP1 relative to total PARP1
under MK2-deficient conditions at baseline,
which was corroborated by lack of increased
baseline apoptosis (Figures 2D and 5D).
These data suggest homeostatic maintenance
of PARP1. PARP1 is traditionally thought
of as a marker for apoptosis (45–47). In
that context, it is noteworthy that PARP1 is
a DNA repair enzyme (45, 46, 48), which,
when cleaved, becomes unable to participate
in the repair of DNA nicks. Thus, if there
were minimal DNA damage, as one would
expect under baseline conditions, the
balance between cleaved and total PARP1
may represent a newly achieved
homeostasis specifically attributed to MK2
loss.

Nuclear localization of caspase 3 is
thought to occur via passive diffusion, as
caspase 3 lacks a typical nuclear localization
sequence. Recent studies, however, suggest
that nuclear translocation of caspase 3
is in fact an active process in apoptosis
(27–29). Furthermore, nuclear translocation
of caspase 3 seems to be necessary for the
execution of apoptosis (26–30). Kamada

Figure 6. Nuclear localization of cleaved caspase 3 in human patients with diffuse alveolar damage

(DAD). Lung biopsy specimens from patients with clinical diagnoses of acute lung injury (ALI) and

a pathological DAD were stained for cleaved caspase 3. (A) A 48-year-old male with history of

bone marrow transplant and lung biopsy specimen consistent with DAD. Immunohistochemical staining

for cleaved specific caspase 3 reveals numerous cells staining positively with staining overlying the

nucleus (black arrowhead). Dashed inset has been optically zoomed. (B) A 57-year-old male with history

of heart transplant with Escherichia coli sepsis and lung biopsy specimen consistent with DAD.

Confocal laser microscopy confirms cleaved specific caspase 3 is intranuclear as well as cytosolic (red

staining). Nuclei stained with 49,6-diamidino-2-phenylindole (DAPI; blue staining). Representative

images taken at 403 magnification and optically zoomed. Representative of seven different patients.

ORIGINAL RESEARCH

Damarla, Parniani, Johnston, et al.: MK2 and Nuclear Translocation of Cleaved Caspase 3 939



and colleagues (28) demonstrated that
a mutated caspase 3 that is unable to be
activated does not translocate to the
nucleus on stimulation with anti-fas
treatment, implicating proteolytic
activation as a necessary step for nuclear
translocation. Although activation of
caspase 3 is necessary for nuclear
translocation, the necessity of cleaved
caspase 3’s functional activity for nuclear
translocation is less certain (28, 30). Despite
increased interest in the mechanisms of
nuclear translocation of caspase 3, the
molecular machinery necessary for this
process has not been elucidated. Kamada
and colleagues have suggested that A-
kinase–anchoring protein 95 (AKAP-95)
may act as a molecular chaperone for
transporting cleaved caspase 3 to the
nucleus; however, no direct evidence that
knockdown of AKAP-95 prevented the
nuclear translocation of cleaved caspase 3
was presented, and knockdown of AKAP-
95 was not consistently cytoprotective (27).
Our results clearly show that caspase 3 is
activated, translocates to the nucleus, and
cleaves its substrates in the apoptotic
response in WT conditions in response to
LPS. Under MK2-deficient conditions, with
the use of MK22/2 mice in vivo and
siRNA against MK2 in vitro, caspase 3 is
activated; however, its translocation to the
nucleus is inhibited, although it retains its
ability to cleave substrates within the
cytosolic compartment, suggesting that
the cellular localization of caspase 3 is
independent of its catalytic activity.
Furthermore, apoptosis and lung injury are
prevented in MK2-deficient conditions. The
mechanism(s) by which MK2 deficiency
prevents nuclear translocation of cleaved

caspase 3 is/are unclear. We speculate that
HSP25/27 may play a critical role, as it
is known to bind to the prodomain of
caspase 3, and has been shown to
translocate to the nucleus in monocytes
undergoing spontaneous apoptosis (49).
Another potential mechanism of MK2
regulating nuclear translocalization of
cleaved caspase 3 is via post-translational
modification (i.e., phosphorylation) of
caspase 3. As shown in Figure E2D, within
the nuclear compartment in WT mice,
caspase 3 appears as a triplet with a slightly
lower molecular weight compared with the
total/unprocessed pro–caspase 3 within the
cytosol; these findings are absent inMK22/2

mice. These data suggest that caspase 3 is
a potential substrate of MK2 and, once
modified (i.e., phosphorylated), undergoes
differential processing, which may account
for the differential localization once
cleaved. Determining whether these or
other mechanisms are involved in this
process is the focus of future studies.

Nuclear translocation of cleaved
caspase 3 as a harbinger of apoptosis has
been noted in rat neuronal cells (50), human
cervical epithelial cells (30), human
epithelial hepatocytes (27, 28), and human
epithelial small cell lung cancer cells (29).
Interestingly, the majority of cell types
that demonstrate this phenomenon are
parenchymal epithelial cells in origin. It is
also intriguing that, in hematopoietic cells,
which undergo spontaneous apoptosis
(i.e., human monocytes), nuclear
translocation of cleaved caspase 3 does not
occur (49), suggesting that a non–caspase
3–mediated mechanism of programmed
cell death is occurring (47). Although our
in vivo experiments show cleaved caspase 3

translocated to the nucleus (WT
conditions) in response to LPS (Figures 3
and 4), the cellular compartment(s)
responsible for this is/are not clear.
However, as we failed to demonstrate
appreciable epithelial barrier disruption, we
chose to investigate the endothelial cellular
compartment. We clearly demonstrate that,
in HMVECs, cleaved caspase 3 translocates
to the nucleus in the execution of apoptosis
(Figure 5). It is possible that, in our
model system, other cell types also
demonstrate nuclear translocation of cleaved
caspase 3; however, a full characterization of
the different cellular compartments is
beyond the scope of this study.

In summary, this study demonstrates
that, in a sepsis model of lung injury,
apoptosis is a key feature associated with
nuclear translocation of cleaved caspase 3.
We further show that MK2 plays a critical
role in the development of apoptosis and
lung injury, and its effects on apoptosis are
in part related to its ability to regulate
nuclear translocation of cleaved caspase 3.
The ability to avoid apoptosis by regulating
cellular localization of key effector enzymes,
rather than preventing activation of the
apoptotic cascade, brings the possibility for
novel therapeutic targets for ALI as well as
other disease states where apoptosis is
a key pathogenic factor. n
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