Protein kinase involved in lung injury susceptibility:
Evidence from enzyme isoform genetic knockout
and in vivo inhibitor treatment
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Acute lung injury (ALI) associated with sepsis and iatrogenic
ventilator-induced lung injury resulting from mechanical ventila-
tion are major medical problems with an unmet need for small
molecule therapeutics. Prevailing hypotheses identify endothelial
cell (EC) layer dysfunction as a cardinal event in the pathophysi-
ology, with intracellular protein kinases as critical mediators of
normal physiology and possible targets for drug discovery. The
210,000 molecular weight myosin light chain kinase (MLCK210, also
called EC MLCK because of its abundance in EC) is hypothesized to
be important for EC barrier function and might be a potential
therapeutic target. To test these hypotheses directly, we made a
selective MLCK210 knockout mouse that retains production of
MLCK108 (also called smooth-muscle MLCK) from the same gene.
The MLCK210 knockout mice are less susceptible to ALl induced by
i.p. injection of the endotoxin lipopolysaccharide and show en-
hanced survival during subsequent mechanical ventilation. Using a
complementary chemical biology approach, we developed a new
class of small-molecule MLCK inhibitor based on the pharmacolog-
ically privileged aminopyridazine and found that a single i.p.
injection of the inhibitor protected WT mice against ALl and death
from mechanical ventilation complications. These convergent re-
sults from two independent approaches demonstrate a pivotal in
vivo role for MLCK in susceptibility to lung injury and validate
MLCK as a potential drug discovery target for lung injury.

Current hypotheses (1, 2) identify dysfunction of the endo-
thelial cell (EC) layer as a cardinal event in the pathophys-
iology of multiple medical conditions, including sepsis. The
mortality associated with sepsis alone is similar (3) to that of
acute myocardial infarction (MI). In contrast to MI, available
therapies are limited for the treatment of sepsis and its associ-
ated tissue injuries (3, 4). Mechanical ventilation is often re-
quired for the support of patients with sepsis but is itself
associated with additional, iatrogenic pulmonary injury that also
appears to involve EC barrier dysfunction (5). Recent progress
in the use of controlled ventilator strategies, such as positive
end-expiratory pressure (PEEP), lessens the potential for ven-
tilator-induced lung injury (VILI), but a need still exists for
therapies that would prevent this clinical complication (5). Most
recently, in vitro studies have linked a variety of EC signal
transduction pathways to the physiological mechanisms of EC
barrier function and identified several endothelial protein ki-
nases as potential drug discovery targets (1). However, the
integration of the knowledge regarding in vitro signal transduc-
tion pathways with in vivo pathophysiology related to compro-
mised EC barrier function and the validation of potential EC
therapeutic targets have not occurred.

Homeostasis and resistance to tissue injury are maintained by
a balance between intracellular EC cytoskeletal contraction—
relaxation cycles and modulation of EC extracellular adhesion
properties, which results in a regulated paracellular transport
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system, or barrier, that limits entry of activated leukocytes from
the bloodstream into the tissue. In sepsis-related lung injury (6),
it is the release of oxidative metabolites by penetrant leukocytes
that causes lung tissue damage. In vitro studies (1) have impli-
cated protein kinases such as myosin light-chain kinase (MLCK)
and Rho kinase in the regulation of EC barrier function through
their direct regulation of the phosphorylation state of myosin
light chains and the intracellular cytoskeletal contraction—
relaxation cycles. However, the in vivo role of such protein
kinases in pathophysiology and their potential as drug discovery
targets in diseases and injuries characterized by EC dysfunction,
including acute lung injury (ALI) and VILI, are not known. In
vitro studies with cells in culture (1) suggest the importance of the
two myosin-regulating protein kinases in EC barrier function,
but it is not clear how either kinase would be involved in the
mechanism of response to an in vivo stress such as sepsis.

To determine the in vivo contribution of MLCK to acute tissue
injuries such as ALI and VILI, we established an MLCK210
knockout (KO) mouse strain that retains production of
MLCK108 from the same gene (MLKCI108 refers to the com-
puted mass of 108,000 for the ORF, although the protein
migrates at an anomalously higher apparent molecular weight of
~135,000 in SDS/PAGE.) Our results show that KO mice are
less susceptible to endotoxin-induced ALI and the lethal com-
plications associated with subsequent VILI. By using a comple-
mentary chemical biology approach, we developed a small-
molecule MLCK inhibitor and found that a single i.p. injection
of the inhibitor protected WT mice against lipopolysaccharide
(LPS)-induced ALI and death from subsequent VILI. These
convergent results from gene KO and chemical biology ap-
proaches provide a precedent in integrative biology, and a much
needed animal model for future research in cardiovascular and
pulmonary biology.

Materials and Methods

Animal Care. All procedures were performed in accordance with
relevant National Institutes of Health guidelines and approved
by the Institutional Animal Care and Use Committee of North-
western University.

Construction and Characterization of MLCK210 KO Mouse. The
genomic locus targeted in this study is that encoding the mouse
MLCK210 and MLCK108, located on chromosome 16B4-B5 (7).
This locus is different from the genomic locus encoding a protein
of distinct amino acid sequence and tissue expression but also
referred to as a MLCK, which is located on chromosome 2H1.

Abbreviations: ALI, acute lung injury; CaM, calmodulin; EC, endothelial cell; KO, knockout;
LPS, lipopolysaccharide; MLCK, myosin light chain kinase; PEEP, positive end-expiratory
pressure; VILI, ventilator-induced lung injury.
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A genomic clone containing a portion of the mouse MLCK210/
108 locus was isolated from a 129/SvJ phage genomic library by
a PCR screen with oligonucleotide primers 429F, 5'-
GTCCTAGCATCTGGGGTGAG-3’, and 534R, 5'-CAGT-
GATCTTGCAGGAGAAT-3', corresponding to exon 5 of EC
MLCK. An ~16-kb fragment mapped by subcloning, restriction
enzyme digests, and Southern blotting contained the target exon
8. The targeting vector was constructed by blunt-end ligation of
a 2.0-kb neomycin cassette into the Smal site of exon 8 and
inclusion of 2.5 kb of 5" and 4.7 kb of 3’ flanking sequences from
the MLCK210 gene.

Embryonic stem cells were electroporated with the linearized
targeting construct and selected with G418. Homologous re-
combination in embryonic stem clones was assessed by Southern
blot analysis by using EcoRI-digested genomic DNA hybridized
with a 1.9-kb KpnI-BamHI probe (6.9 kb = WT; 7.7kb = mutant
allele). Embryonic stem clone 208 that was positive for the
mutant allele was microinjected into a C57BL/6-derived blas-
tocyst, which gave rise to a male with significant embryonic stem
cell contribution as determined by Agouti coat color. Mating
this founder male with C57BL/6 females and genotyping of
offspring tail DNA by Southern hybridization confirmed germ-
line transmission.

Genotypes from matings were done by Southern blot analysis
as described above, which allows monitoring of both WT and
mutant alleles. To demonstrate selective loss of the MLCK210
with retention of expression for MLCK108, homogenates of lung
tissue were prepared, equivalent total protein amounts were
loaded on SDS/PAGE, and gels were analyzed by Western blot
with an anti-MLCK antibody (8) that recognizes both MLCK210
and MLCK108.

Injections and Ventilation of Mice. LPS (from Salmonella typhi-
murium; Sigma) was administered at a dose of 10 mg/kg i.p.
injection. MLCK inhibitor (2.5 mg/kg) was administered to WT
mice by i.p. injection just before treatment with LPS. Control
mice received an equivalent volume of diluent. Two ventilator
protocols were used. In the first protocol, mice were endotra-
cheally intubated and ventilated under isoflurane anesthesia
with a tidal volume (V;) of 10-12 ml/kg by using a mouse
ventilator (Harvard Bioscience, South Natick, MA). These stud-
ies were performed without application of PEEP. In the second
set of studies, PEEP of 3 cm H,O was applied during ventilation
to reduce VILI. Core temperature was maintained at 36.5 *=
0.1°C by surface heating and cooling.

Analyses of Lung Injury. Paraffin-embedded hematoxylin/eosin-
stained sections were prepared by standard techniques after
perfusion with 4% paraformaldehyde. Sagittal sections through
central and peripheral areas of each lobe were obtained to be
representative of histological changes in the entire lung. A
minimum of five fields at X20 magnification were examined for
each section. Quantal assessment of injury was performed in
blinded fashion by grading four histological findings: hemor-
rhage, inflammation, atelectasis, and edema. Each feature was
graded on a scale of 1 (normal) to 5 (diffuse abnormality). For
each scale, the assignment of an injury score was based on the
following criteria: (i) focal, multifocal, or contiguous lung in-
volvement; and (ii) proximal or peripheral lung involvement. For
the assessment of hemorrhage, inflammation, and edema, ad-
ditional criteria evaluated included (i) the extravasation of fluid,
red blood cells, or inflammatory cells, and (ii) the presence of
polymorpho- or mononuclear cells. A composite lung-injury
score was then calculated for each mouse on a scale from 4
(normal) to 20 (maximum injury) derived from the scores
assessed for the four individual scales of histological injury.
Samples for electron microscopy were prepared by using pub-
lished protocols (9), and ultrasections contrasted with uranyl
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acetate and lead citrate. The water content of lungs of KO and
WT mice was measured by calculating the wet/dry ratios. Mice
were injected i.p. with saline or 10 mg/kg LPS and allowed to
recover for 24 h. The lungs were then removed and weighed (wet
weight) before drying for 72 h at 50°C (dry weight). Wet/dry
weight ratio was calculated by dividing the wet weight by the
dry weight.

Synthesis of MLCK Inhibitor. The chemical biology approach used
to discover 11-(3-chloro-6-imino-6H-pyridazin-1-yl)-undecanoic
acid (6-phenyl-pyridazin-3-yl)-amide was used previously (10—
12) for protein kinase inhibitors on the basis of the pharmaco-
logically privileged 3-aminopyridazine scaffold. Synthesis con-
ditions and protocols have been described (11). In brief,
alkylation of commercially available (Alfa Aesar, Ward Hill,
MA) 3-amino-6-chloropyridazine resulted in the 11-(3-chloro-
6-imino-6H-pyridazin-1-yl)-undecanoic acid ethyl ester, which
was then hydrolyzed to the corresponding carboxylic acid. This
product was coupled to the 3-amino-6-phenyl-pyridazine (10) by
the 1-hydroxybenzotriazole hydrate/1-ethyl-3-(3-dimethyl-
amino-propyl)carbodiimide method to yield the 11-(3-chloro-6-
imino-6H-pyridazin-1-yl)-undecanoic acid (6-phenyl-pyridazin-
3-yl)-amide. The reactions were monitored by analytical HPLC.
The final product was purified by RP-HPLC chromatography on
a preparative Microsorb (Rainin Instruments) C18 column with
gradients of 0.1% (vol/vol) trifluoroacetic acid in water and 80%
aqueous acetonitrile containing 0.08% trifluoroacetic acid. The
final product was characterized by matrix-assisted laser desorp-
tion ionization—time-of-flight by using a PerSeptive Voyager-DE
PRO system (Applied Biosystems). The experimentally deter-
mined mass (m/z) of 467.17 is in agreement with that expected
(466.22) for the product (CsH3;CINGO). Testing of compounds
for kinase inhibitory activity against MLCK, the structurally and
functionally related kinases death-associated protein kinase and
calmodulin (CaM)-regulated protein kinase II, and the signal
transduction pathway relevant kinases PKA and PKC was per-
formed as described (10-13) by using the corresponding peptide
substrates and assay conditions. Rho kinase and GSK38 assays
were performed according to protocols provided by the manu-
facturer (Upstate Biotechnology, Lake Placid, NY). ICs, values
were calculated by a linear regression analysis and kinetics
determined as described (10-13). The MLCK inhibitor is com-
petitive with the ATP substrate and has a Kj of =5 uM, similar
in magnitude to the K, value for the substrate. At concentrations
up to 100 uM, the MLCK inhibitor did not inhibit death-
associated protein kinase, a structurally similar CaM-regulated
kinase that also uses myosin light chains as a protein substrate;
CaM-regulated protein kinase II, a CaM-regulated kinase with
broad tissue distribution and less stringent substrate specificity;
GSK3p, another CaM kinase; or Rho kinase, a regulator of
myosin light-chain phosphorylation through its phosphorylation
of the myosin light-chain phosphatase. The concentrations of the
inhibitor that fail to inhibit these relevant kinases are >20 times
the K;value of the inhibitor for MLCK, indicative of the inhibitor
selectivity.

Statistical Analysis. Nonparametric lung-injury scores or wet/dry
weights were compared between groups by the Mann—Whitney
test or one-way analysis of variance (PRISM, GraphPad, San
Diego) as appropriate. Lung-injury scores are reported as me-
dian and interquartile range. Differences in Kaplan-Meier sur-
vival curves were calculated by Mantel-Haenszel log rank test.
Statistical significance was assumed when P < 0.05.

Results

Generation of MLCK210 KO Mouse Strain. We made a selective
MLCK210 (EC MLCK) KO mouse, with retention of MLCK108
(SM MLCK) production from the same gene, by selective exon
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MLCK210 KO mouse shows selective ablation of MLCK210 with retention of MLCK 108 production. Shown are the targeting strategy and expression of

gene products in the KO mouse. (A) Schematic representation of the mouse MLCK210 genomic organization around exons 4-9 and of the targeting vector. The
targeting vector contains a neomycin (NEO) cassette inserted into the Smal site of exon 8. The 1.9-kb Kpnl-BamHI probe used for Southern blot analysis is shown.
The underlined amino acid sequence represents the MLCK210 sequence upstream of the reading frame shift caused by the NEO cassette insertion. A stop codon
(*) was inserted within the NEO cassette to ensure that MLCK210 translation was terminated. (B) Southern blot hybridization analysis of genotypes. The 6.9-kb
band corresponds to the WT allele and the 7.7-kb band corresponds to the mutant allele. (C) Western blot analysis of lung tissue from KO and WT mice, with
an anti-MLCK antibody that recognizes MLCK108 and all known splice variants of MLCK210.

targeting. We targeted a single exon (Fig. 1) that is specific for
MLCK210 and upstream of the exons used by both MLCK108
and MLCK210 and of all known splice variants of MLCK210 and
MLCK108. The introduction of multiple stop codons and a
neomycin-resistance gene within the 1.8-kb DNA cassette (Fig.
1A) resulted in the disruption of the coding sequences in this
exon without altering gene promoter activity and downstream
splicing needed for MLCK108 production, allowed for antibiotic
selection, and facilitated the detection of both the mutant and
WT alleles by Southern blotting (Fig. 1B). The 6.9-kb band
corresponds to the WT allele, and the 7.7-kb band corresponds
to the mutant allele. Western blot analysis (Fig. 1C) of lung tissue
homogenates from WT and homozygous KO mice reveals the
loss of MLCK210. The levels of the MLCK108 produced from
the same gene are preserved. The demonstration by protein
Western blot that the MLCK210 is ablated but production of
MLCKI108 is retained and confirmatory Southern blot analysis
of genomic DNA are indicative of gene disruption being local-
ized within this narrowly restricted region of the gene. Gross
pathology of KO mice revealed no dysmorphic features among
organs, including lung, in young adults. No differences were
found in litter size, weights, fertility, or viability between KO and
WT mice strains.

ALl in MLCK210 KO Mice, WT Mice, and WT Mice Treated with MLCK
Inhibitor. We administered by i.p. injection a bacterial endotoxin,
LPS, as an initial, tractable surrogate for the systemic condition
of sepsis. Histological examination of lung tissue from WT mice
(n = 13) injected i.p. with LPS 24 h before sacrifice showed
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evidence of diffuse lung injury with intravascular and interstitial
hemorrhage, inflammatory cell infiltrate, and atelectasis (Fig.
2a). In sharp contrast to the WT mice, the KO mice (n = 7)
injected with LPS exhibited little evidence of injury (Fig. 2b). For
example, the numerous thrombi occluding vessels and foci of
RBC extravasation seen in the WT mice (Fig. 2c) were not seen
in sections from the KO mice lungs (Fig. 2d). Similarly, multiple
foci of leukocyte infiltration occurred in the WT mouse lung
(Fig. 2e, arrow), which were not detected in the KO mice (Fig.
2f). These results are consistent with the preserved integrity of
the endothelium in the KO lung. Quantal scoring (data ex-
pressed as median * interquartile range) of the severity of
histological lung injury (Fig. 2g) showed that the median lung-
injury score was significantly higher (P < 0.001) in the WT mice
(10 = 5.5) than in the KO mice (6 = 3.75), indicating that the
KO mice were protected against the pulmonary injury associated
with systemic exposure to endotoxin.

Pulmonary edema resulting from an abnormal extravasation
of fluid is associated with EC barrier dysfunction during sepsis.
Therefore, we used lung wet/dry weight changes to obtain an
indication of potential differences in the effect of LPS treatment
on the development of pulmonary edema in WT and KO mice.
Analysis of lung wet/dry weight ratios (Fig. 2/) revealed that KO
mice are less susceptible to LPS-induced pulmonary edema.
Specifically, the wet/dry ratio (mean = SEM) in control (saline-
treated) WT mice was 4.5 £ 0.1 (n = 6), compared with 5.1 =
0.2 in LPS-treated WT mice (n = 7; P < 0.05 compared with
control). In the KO mice, the wet/dry ratio in control animals
was 4.7 £ 0.3 (n = 6) compared with 4.5 = 0.4 in LPS-treated
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Fig. 2. Genetic KO or treatment with a MLCK inhibitor protects against ALI. (a—f) Hematoxylin/eosin staining of lung sections from WT (a, ¢, and e) and KO
(b, d, and f) mice 24 h after i.p. injection of LPS (10 mg/kg). Arrows identify infiltrating leukocytes. (g) Quantal lung-injury scores of LPS-injected WT (n = 13)
and KO (n = 7) mice. Each symbol reflects a separate slide, on which at least five fields from each lung section were scored in a blinded fashion. A horizontal
line indicates the median lung-injury score. The KO mice show significantly lower (P < 0.001) lung-injury scores. (h) Lung wet/dry ratios (mean = SEM) of WT
mice injected with saline (n = 6) or LPS (n = 7) and KO mice injected with saline (n = 6) or LPS (n = 6). *, Significantly different from saline-treated WT (P < 0.05).
(i~I) Electron microscopy sections of lung prepared from WT (i and k) and KO (jand /) mice 24 h after LPS injection. A, alveolar space. Arrows identify endothelium.
(m and n) Hematoxylin/eosin staining of lung sections from WT mouse 24 h after i.p. injection of LPS (10 mg/kg) and the MLCK inhibitor (2.5 mg/kg). (o)
Lung-injury scores as in g, from WT mice injected with LPS + MLCK inhibitor (n = 10) or vehicle alone (n = 6). The arrow indicates the median score of WT mice
injected with LPS alone (see g). Mice injected with LPS + inhibitor showed significantly lower (P < 0.05) lung-injury scores than WT mice injected with LPS alone.

(Magnification: a, b, and m, X10; ¢, d, and n, X20; e and f, X40; i and j, X2,000; k and /, X10,000.)

animals (n = 6). This difference between control KO mice and
KO mice injected i.p. with LPS is not significant, suggesting that
the KO mice exhibit preserved EC barrier function in response
to endotoxin exposure.

Differential susceptibility of the WT and KO mice to damage
of the EC layer after exposure to LPS is also indicated by
electron microscopy results (Fig. 2 i—-/). WT mice showed
extravasation of RBCs across the EC barrier into the alveolar
space (Fig. 2i), which was not observed in the KO mice (Fig. 2j).
The endothelium of WT mice appeared thinner (Fig. 2k) than
that of the KO mice (Fig. 2/). More detailed cell biological
analyses and delineation of the molecular basis of the differences
in electron microscopy appearance were not pursued as part of
these initial characterizations of the KO mouse, but the results
are congruent with the physiological and histological data that
indicate a difference in endothelial layer function in the KO
mice.

A single i.p. injection of the inhibitor, 11-(3-chloro-6-imino-
6H-pyridazin-1-yl)-undecanoic acid (6-phenyl-pyridazin-3-yl)-
amide, provided protection against endotoxin-induced lung in-
jury to WT mice that is similar to that seen with the KO mice
(compare Fig. 2 m and b). Specifically, we injected (i.p.) WT
mice (n = 10) with 2.5 mg/kg of the MLCK inhibitor and LPS
(10 mg/kg). Lung sections prepared from mice injected with LPS
and the MLCK inhibitor were largely normal in appearance (Fig.
2 m and n). This level of protection is comparable to that seen
in LPS-treated KO mice (Fig. 2b). Quantal scoring of the severity
of histological lung injury (Fig. 20) showed that the score of mice
treated with LPS and MLCK inhibitor was significantly lower
(P < 0.001; 5 = 2.25) than mice treated with LPS alone (10 *
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5.5). WT mice treated with the MLCK inhibitor showed scores
similar to those of control mice (4 * 1.75).

Survival of Mice Subjected to VILI Subsequent to ALl. KO and WT
mice subjected to LPS treatment that induced ALI (24 h after i.p.
injection) were subjected to an experimentally tractable, surro-
gate treatment paradigm for VILI to probe differences in the
complications of VILI after ALI. This was done by subjecting
mice to endotracheal intubation and mechanical ventilation for
a defined period in the absence of PEEP, conditions that
represent an aggressive ventilation strategy. All of the WT mice
treated with LPS (n = 10) died within 20 min of ventilation (Fig.
3). However, 67% of KO mice (n = 6) treated with LPS survived
the full 60 min of ventilation, a dramatic difference in survival
from the WT mice (P < 0.001 by log rank test). WT mice
subjected to LPS treatment but also administered MLCK inhib-
itor were similarly protected from death as a result of VILI
subsequent to ALI. Remarkably, 57% (n = 7) of WT mice
treated with the MLCK inhibitor survived the full 60 min of
mechanical ventilation. The survival of MLCK inhibitor-treated
mice was significantly different from the survival of LPS-treated
WT mice during ventilation (P < 0.05) and approximated the
survival seen with the KO mice under the same conditions.
Control mice, both KO and WT, that had not been injected with
LPS tolerated the test period (60 min) of mechanical ventilation
without difficulty (Fig. 3). Control mice injected with LPS but
not ventilated also survived through the entire test period.

To determine whether the increase in survival during venti-
lation is simply a sequela of protection from LPS-induced ALI
or also includes a VILI protection component, we examined the

Wainwright et al.
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during mechanical ventilation after ALI. All WT mice (n = 10) injected i.p. with
10mg/kg LPS 24 h earlier died within 20 min of ventilation. The majority (67 %)
of LPS-injected KO mice survived the 60-min test period of ventilation (n = 6).
LPS-injected WT mice treated i.p. with 2.5 mg/kg MLCK inhibitor (n = 7)
showed increased survival compared with WT mice exposed to LPS alone.
Control WT and KO mice (not injected with LPS) survived 60 min of ventilation
(n = 4). The difference in survival curves between LPS-treated WT and KO mice
undergoing ventilation was significant (P = 0.001), as was the difference
between LPS-treated WT mice undergoing ventilation with and without
MLCK inhibitor (P < 0.05).

effects of applying PEEP during ventilation. If the increased
mortality during ventilation of LPS-treated WT mice reflects a
true VILI component, then PEEP should improve the survival
of the WT mice. We found that all LPS-treated WT mice that
had an applied PEEP of 3 cm H,O to diminish VILI (n = 9)
survived ventilation with PEEP support for 2 h, which is in
contrast to 100% mortality within 20 min for LPS-treated WT
mice ventilated in the absence of PEEP (Fig. 3). Analysis of VILI
alone was not performed as part of this initial investigation.
These initial results do not directly address the relative impor-
tance of MLCK in VILI, per se, and the experimental paradigm
used here is not a model for the clinical syndrome. However, the
results are indicative of MLCK210 involvement in susceptibility
to ALL as judged by histological criteria, and the complications
of VILI subsequent to ALI, as judged by the physiological
criteria of survival under injurious ventilation conditions.

Discussion

A principal finding of this investigation is the demonstration by
both genetic KO and chemical biology approaches that inhibition
of MLCK activity can protect against disease-relevant ALI,
including complications associated with injury from mechanical
ventilation, a widely used treatment in critical care medicine.
The convergent results from two independent approaches, but
common histological and physiological end points, demonstrate
that MLCK plays an in vivo role in susceptibility to disease or
injury, and provide a foundation for future drug discovery
research in an area of unmet medical need.

The difference in susceptibility between KO and WT mice is
consistent with the protection being due to maintenance of
barrier function. The finding that a single treatment with a
small-molecule inhibitor could approximate the histological
protection and enhanced survival seen with MLCK210 gene KO
is also consistent with protection of endothelial barrier function
and the importance of MLCK-regulated cellular processes in
injury from disease-related stresses. These in vivo protective
effects are in agreement with in vitro studies (14, 15) of para-
cellular transport and the effects of MLCK activity increases. For
example, increasing MLCK activity through the introduction of
a constitutively active MLCK fragment into EC cultures results
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in hyperpermeability (14). The results, therefore, are consistent
with a model in which stress-induced increases in MLCK activity
result in hyperpermeability and altered barrier function, and
decreased susceptibility from tissue injury is provided by the
restoration of these processes back toward basal. Other MLCK-
linked mechanisms of injury protection might also be involved,
such as the restoration back toward normal of neutrophil adhe-
sion, motility, and penetration of the EC layer (1, 15). The
availability of the selective MLCK210 KO mouse strain will allow
future in vivo studies of physiology related to EC barrier function
that would not have been feasible in its absence. Further, the
ablation in this KO mouse strain of the high molecular weight
form of MLCK, but retention of the smooth muscle form of
MLCK produced by the same gene, opens up new areas of in vivo
vascular biology research, where previously the relative contri-
bution of the two forms could not be determined readily.

The physiological effects of a gene KO of an enzyme, such as
a protein kinase, do not necessarily reflect the function of the
enzyme’s catalytic activity. This finding is especially true when
most of the protein mass is concerned with protein-docking
interactions or scaffold functions, as seen with the noncatalytic
domains of MLCK210 (16). The in vivo effects of the gene KO
could reflect, instead, the effects on interacting or binding
partners in the proteome. Further, a druggable molecular target
(17) is one that can be modulated by an administered compound,
so protection from disease-relevant insults by a gene KO model
is just one step in target validation for drug discovery research.
The essential requirement for target validation and mechanistic
linkage to enzyme catalytic activity is the demonstration of
inhibitor modulation of in vivo function. Therefore, we used our
previously described (10-13) in-parallel, synthetic chemistry
platform based on the pharmacologically privileged aminopyr-
idazine structure (18, 19) to discover a small-molecule inhibitor
of MLCK with high potential for in vivo use and examined its
ability to mimic the protection seen with the targeted gene KO.
The aminopyridazine scaffold has been used in drug develop-
ment (18), so the cell-permeable and pharmacological properties
of the inhibitor are consistent with its previous use in the
discovery of bioavailable compounds. In terms of bioavailability
properties, the MLCK inhibitor described here is rule-of-five
compliant (20). The molecular weight is <500 (= 467), it has a
calculated (ACD/LOGD SUITE, Version 5.11, Advanced Chemis-
try Development, Toronto) LogP <5 (= 4.67 = 0.79), the
H-bond donors are <5 (= 2), and the H-bond acceptors are <10
(= 5). Consistent with these drug-like molecular properties, a
single administration of the inhibitor at a tissue site (i.p.) remote
from its site of action (lung) provided robust protection that
partially mimics that seen with the gene KO. This remarkable
precedent clearly raises the need for future drug discovery
efforts to explore the potential use of aminopyridazine-based
protein kinase inhibitors in conjunction with other therapies to
minimize lung injury. It should be noted that the additional
demand of oral availability may not be very relevant to this use
because the clinically relevant mode of administration in such
cases is usually injection or i.v. because of the compromised state
of the patient. Therefore, the use of i.p. delivery in the studies
described here is compatible with the intent-to-treat methodol-
ogy that would be required in future investigations. Clearly, the
particular inhibitor described here is not optimized and probably
has other molecular interactions, especially at divergent doses, as
is typical of first-generation small-molecule inhibitors. There-
fore, it should not be considered a lead compound. However, the
remarkable protection afforded by a single treatment with the
inhibitor provides confirmation of the KO mouse results and
suggests the potential for future development of similar small-
molecule kinase inhibitors that are in vivo modulators of bio-
logical function. Taken in its entirety, the gene KO and chemical
biology results indicate that intracellular protein kinase activity
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is worthy of targeting in future drug discovery research in
diseases involving endothelial barrier dysfunction.

The protection against tissue injury reported here raises the
potential for targeting MLCK in drug discovery research for EC
barrier injury, either as a primary target or cotreatment target.
The endothelium is the primary vascular cell type in the pul-
monary microvascular circulation, which is especially susceptible
to injury in ALI and VILI. Therefore, the future development of
compounds that would protect endothelium function is a chal-
lenge. The observation reported here that a small-molecule
inhibitor administered at a remote site could mimic the lung
protection seen with the MLCK210 gene KO suggests that the
arduous task ahead may be worth consideration, especially
considering the unmet need for therapies that differentially
affect vascular beds. The ability of an intracellular signal trans-
duction enzyme to serve as a drug discovery target is context-
dependent, modulated by the upstream activating stimuli and the
downstream transduction events. In this regard, CaM-regulated
kinases are attractive targets. They function through a release-
of-autoinhibition mechanism, which allows targeting of active
sites that are fully accessible only in the transiently activated state
brought about by upstream activating stimuli. A downstream
signaling event that provides another level of filtering is MLCK’s
use of a single physiological substrate, myosin light chain. In
addition, MLCK210 is less abundant in mammals than the
smaller MLCK108, which is found at high levels in smooth
muscle. This difference in kinase concentration allows the
possibility of titrating, through therapeutic dosing, much of the
MLCK210-derived activity, while retaining residual MLCK ac-
tivity in the smooth muscle cell due to the more abundant

—

. van Hinsbergh, V. W. M. & van Nieuw Amerongen, G. P. (2002) J. Anat. 200,
549-560.

2. National Institute of Neurological Disorders and Stroke (2002) Report of the
Stroke Progress Review Group (Natl. Inst. of Neurol. Disorders and Stroke,
Bethesda).

3. Angus, D. C., Linde-Zwirble, W. T., Lidicker, J., Clermont, G., Carcillo, J. &
Pinsky, M. R. (2001) Crit. Care Med. 29, 1303-1310.

4. Bernard, G. R., Vincent, J.-L., Laterre, P.-F., LaRosa, S. P., Dhainaut, J.-F.,
Lopez-Rodriguez, A., Steingrub, J. S., Garber, G. E., Helterbrand, J. D, Ely,
E. W. & Fisher, C. J. (2001) N. Engl. J. Med. 344, 699-709.

5. Tobin, M. (2001) N. Engl. J. Med. 344, 1986-1996.

6. Stevens, T., Garcia, J., Shasby, D., Bhattacharya, J. & Malik, A. (2000) Am. J.
Physiol. 279, L419-1.422.

7. Waterston, R. H., Lindblad-Toh, K., Birney, E., Rogers, J., Abril, J. F.,
Agarwal, P., Agarwala, R., Ainscough, R., Alexandersson, M., An, P., et al.
(2002) Nature 420, 520-562.

8. Watterson, D. M., Collinge, M., Lukas, T. J., Van Eldik, L. J., Birukov, K. G.,
Stepanova, O. V. & Shirinsky, V. P. (1995) FEBS Lett. 373, 217-220.

9. Fan, C,, Pan, J., Chu, R. Y., Lee, D., Kluckman, K. D., Usuda, N., Singh, 1.,

Yeldandi, A. V., Rao, M. S., Maeda, N. & Reddy, J. K. (1996) J. Biol. Chem.

271, 24698-24710.

6238 | www.pnas.org/cgi/doi/10.1073/pnas.1031595100

MLCK108. It should be noted that the convergence of diverse
signaling pathways on a single target, such as Rho kinase, and
MLCK-mediated pathways converging on phosphorylation of
myosin light chain, and the elaborate cross talk among pathways,
which can provide redundancy and adaptive responses, require
that structurally and functionally related kinases are not inhib-
ited. The regulatory paradigm of intracellular signal transduc-
tion by protein phosphorylation makes the exhaustive in vitro
testing of compounds against all known protein kinases a rather
futile effort that can also generate misleading data. However, the
rational testing of a set of functionally and structurally related
kinases showed that the inhibitor described in this report does
not inhibit Rho kinase or death-associated protein kinase, the
latter being another CaM regulated protein kinase that also uses
myosin light chain as a substrate. Clearly, molecular target
selectivity and quantitative dosing of new compounds must be
carefully addressed in future studies. However, the availability of
the MLCK210-selective KO mouse and the potential for devel-
opment of bioavailable inhibitors by using the privileged amin-
opyridazine chemical scaffold make the in vivo testing of such
hypotheses more experimentally tractable.
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