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Mortality factor 4 like 1 protein mediates epithelial cell death in a
mouse model of pneumonia
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Pittsburgh, PA 15213, USA

2Medical Specialty Service Line, Veterans Affairs Pittsburgh Healthcare System, Pittsburgh, PA
15240, USA

3Department of Cell Biology and Physiology, University of Pittsburgh, Pittsburgh, PA 15213, USA

Abstract

Unchecked epithelial cell death is fundamental to the pathogenesis of pneumonia. The recognition
of unique signaling pathways that preserve epithelial cell viability may present new opportunities
for interventional strategies. We describe that mortality factor 4 like 1 (Morf4l1), a protein
involved in chromatin remodeling, is constitutively expressed at low levels in the lung because of
its continuous degradation mediated by an orphan ubiquitin E3 ligase subunit, FbxI18. Expression
of Morf4l1 increases in humans with pneumonia and is up-regulated in lung epithelia after
exposure to Pseudomonas aeruginosa or lipopolysaccharide. In a mouse model of pneumonia
induced by P. aeruginosa, Morf4l1 is stabilized by acetylation that protects it from FbxI18-
mediated degradation. After P. aeruginosa infection of mice, overexpression of Morf4l1 resulted
in lung epithelial cell death, whereas its depletion restored cell viability. Using in silico modeling
and drug-target interaction studies, we identified that the U.S. Food and Drug Administration—
approved thrombin inhibitor argatroban is a Morf4l1 antagonist. Argatroban inhibited Morf4l1-
dependent histone acetylation, reduced its cytotoxicity, and improved survival of mice with
experimental lung injury at doses that had no anticoagulant activity. These studies uncover a
previously unrecognized biological mechanism whereby pathogens subvert cell viability by
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Fig. S2. Bacterial pathogens trigger Morf4l1 acetylation.

Fig. S3. Effect of Morf4l1 depletion or antagonism on bacterial loads.

Fig. S4. Effect of Morf4l1 depletion or antagonism on the Fas cell death pathway.
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extending the life span of a cytotoxic host protein. Morf4l1 may be a potential molecular target for
non-antibiotic pharmacotherapy during severe pulmonary infection.

INTRODUCTION

Bacterial pneumonia remains a predominant cause of infectious deaths in the United States,
and the challenge to effectively treat this illness is compounded by the emergence of
multidrug resistant bacterial strains (1). Thus, the identification of new molecular pathways
that partake in the pathobiology of severe bacterial infections remains an unmet need.
Pseudomonas aeruginosa is a well-known nosocomial and opportunistic Gram-negative
bacterium causing pneumonia that is associated with high morbidity and mortality. This
pathogen very commonly develops multidrug antibiotic resistance and is among the
predominant isolates in acute lung injury (ALI), a condition that can occur in people with
severe pneumonia (2). The pathogenesis of ALI or its more severe form, acute respiratory
distress syndrome (ARDS), is classified into three major phases: inflammation, proliferation,
and fibrosis. Cell death is a prominent pathological hallmark observed in the early stages of
inflammation associated with both pneumonia and ARDS (3). The mechanisms of cell death
during virulent bacterial infections are still not well understood and may be important in
devising non-antibiotic-based therapeutic strategies.

Epigenetics is a rapidly evolving field that affects cellular life span involving processes
where gene activity is changed without alterations in the DNA sequence. Histone
modifications (methylation, acetylation, phosphorylation, etc.) are well-established events
that epigenetically regulate gene expression, and recent studies indicate that histone
posttranslational modification is modulated by bacterial infection (4). Histone
acetyltransferases are a group of well-conserved enzymes in living organisms that catalyze
the covalent addition of an acetyl group to lysine residues in histones. More than 90% of
chromatin-associated proteins are acetylated, causing changes in chromosomal accessibility,
gene expression, and cellular function (5). Some acetyltransferases, such as p300/cyclic
adenosine 5’-monophosphate-responsive element-binding protein (CBP) and general
control nonderepressible 5 (GCNb), acetylate histones and other proteins to loosen
chromatin structure thereby activating gene transcription (6). One protein subunit that
associates with acetyltransferases and various transcriptional complexes, called mortality
factor on chromosome 4 like protein 1 (Morf411) or Morf-related genes (Mrg) on
chromosome 15 (Mrg15), was first cloned as a paralog of the senescence gene product
mortality factor on chromosome 4 (Morf4) (7-12). Morf4l1 is a multifunctional protein that
modulates cell viability, development, and DNA repair (7-12). However, there appears to be
some ambiguity in the biological roles of Morf4l1 regarding cell viability between systems.
Targeted disruption of the Morf4l1 gene leads to growth defects and is lethal in both mice
and the nematode Caenorhabditis elegans (12-15). Morf4l1-deficient neuronal cells also
exhibit defects in proliferation (16, 17). However, overexpression of MRG-1, a C. elegans
ortholog of Morf4l1, triggers cell death, and Morf4l1 silencing reduces the ability of the
fungal product galectin to mediate apoptosis (12, 18). Thus, the biological role of Morf4l1
requires further study, and factors that control its abundance in cells remain largely
unknown.
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The cellular ubiquitin proteasomal degradation system regulates the concentration of most
cellular proteins including histone modification enzymes; further, acetylation of substrates
can compete with ubiquitination to regulate protein abundance and cell function (19).
Protein ubiquitination is carefully orchestrated through actions of a series of key enzymes
(E1 activating enzyme, E2 conjugating enzyme, and E3 ligase). The last step involving
ligation of ubiquitin to its substrate by a ubiquitin E3 ligase is critical because it provides
selectivity between an enzyme and substrate in the protein degradation pathway. Thus, E3
ligases may be an opportunity for therapeutic targeting (20). Of the hundreds of E3 ubiquitin
ligases, the Skp—Cullin—F-box (SCF) family represents an emerging class of proteins that
modulates diverse processes including cellular life span (21). Small molecule antagonists
have been developed against the SCF receptor component, the F-box, for preclinical use (20,
22). Indeed, SCF components target some acetyltransferases for their disposal to alter
cellular proliferation (23). Although ~70 F-box proteins have been identified in the human
genome, the targets for only a few have been well described.

Here, we discovered that in the native state, lung epithelial cell viability is preserved partly
because a previously uncharacterized F-box protein, FbxI18, mediates the disposal of
Morf4l1. Disposal of Morf4l1 is both sufficient and required to reduce cell death. P.
aeruginosa induces the acetylation of Morf4l1 thereby protecting the protein from the
destabilizing actions of FbxI18, leading to the accumulation of Morf4l1, which becomes
cytotoxic. Using molecular docking simulation modeling, we identified a small molecule
(argatroban) approved by the U.S. Food and Drug Administration (FDA) that tightly binds
to Morf4l1 and selectively antagonizes Morf4l1-associated histone acetylation, thus
abrogating cytotoxic activity. When administered to an experimental mouse model of AL,
this agent lessened the severity of pulmonary injury and increased mouse survival. These
results provide a distinct molecular model for bacterial pneumonia—associated AL whereby
a pathogen, through its stabilizing actions on a cell death effector protein, triggers necrosis
of the infected organ. These results also suggest that repurposing of the FDA-approved
agent argatroban, which targets Morf4l1, might serve to preserve epithelial cell viability
during pulmonary inflammation induced by infection.

Morf4ll protein expression is elevated in pneumonia

We analyzed lung tissues from patients with pneumonia by immunoblotting for
transcriptional regulators (Fig. 1, A and B). Morf4l1 protein was markedly elevated in
human pneumonia lung small airway tissues (n = 8) compared with lung tissues from
uninfected subjects (n = 5) (P = 0.029). As a control, expression of the transcriptional
coactivator CBP was evaluated and was not markedly altered. To confirm this observation,
we treated murine lung epithelial cells with lipopolysaccharide (LPS) and observed that
Morf4l1 protein expression increased in a dose-dependent manner (Fig. 1C). LPS did not
significantly affect total cellular steady-state Morf4l1 mRNA expression (Fig. 1D). Given
that the bacterium P. aeruginosa is one predominant cause of pneumonia, we co-incubated
lung epithelial cells with this pathogen and observed increased Morf4l1 protein levels
without alterations in mMRNA expression at the multiplicity of infection (MOI) tested (Fig. 1,
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E and F). Notably, P. aeruginosa infection increased the abundance of histone
acetyltransferases including general control nonderepressible 5 (GCN5); however, the
pathogen did not increase GCN5 mRNA (fig. S1A). P. aeruginosa infection—induced
increases in Morf4l1 protein were also observed in human neutrophils and in human
endothelial cells, in addition to lung epithelia, but were not observed in human primary
macrophages (fig. S1, B and C). Finally, the effects of LPS and P. aeruginosa infection on
induction of Morf4l1 protein in cells were blocked with LPS from the bacterium
Rhodobacter sphaeroides, a potent competitive inhibitor of the LPS—Toll-like receptor 4
axis (fig. S1D). Thus, Morf4l1 abundance was increased in both human lungs and lung
epithelial cells after bacterial infection with P. aeruginosa.

Morf4ll is a short-lived protein degraded through the ubiquitin proteasome

The protein abundance of transcriptional and chromatin remodeling subunits in cells may be
due to altered protein turnover. Morf4l1 is a labile protein in cells with a half-life of about
30 min (Fig. 2, A and B). Morf4l1 degradation is proteasome-dependent because the
addition of the proteasome inhibitor MG132 (N-carbobenzyloxy-.-leucyl-.-leucyl-.-leucinal)
caused accumulation of this cellular protein (Fig. 2A, middle panels), whereas the lysosome
inhibitor leupeptin did not affect Morf4l1 protein expression (Fig. 2A, bottom panels).
Because proteins selectively degraded through the proteasome are modified by
ubiquitination, we mapped putative ubiquitination sites in Morf4l1 and found that K143 is
the major ubiquitin acceptor site. Mutation of this lysine residue protects Morf4l1 from
degradation (Fig. 2C, bottom panels), whereas mutation of the adjacent K138 did not affect
Morf4l1 degradation (Fig. 2C, middle panels). Morf4l1 polyubiquitination was markedly
reduced when we expressed a Morf4l1 V5-K143R mutant plasmid versus a wild-type
Morf4l1 plasmid in cells (Fig. 2D). In these studies, we coimmunoprecipitated the
ectopically expressed Morf4l1 proteins from cell lysates and probed the immunoprecipitates
using ubiquitin antibody in immunoblotting studies. These data indicate that Morf4l1 is a
labile protein that is degraded through the ubiquitin proteasome pathway after its site-
specific polyubiquitination.

SCFFPXI18 gegrades Morf4ll

To identify the E3 ubiquitin ligase that mediates Morf4l1 degradation, we screened a library
of SCF E3 ligase components and identified that an orphan F-box protein, termed FbxI18
(SCFFPXI18) ‘profoundly destabilizes Morf4l1 (Fig. 3A). Cellular expression of Fbx|18
plasmid was sufficient to mediate Morf4l1 degradation in lung epithelia (Fig. 3B). As a
control, the unrelated F-box protein Fbxw18 does not change Morf4l1 protein degradation
kinetics. F-box proteins form a complex with Skp1 and Cullinl to form the SCF E3
ubiquitin ligase complex that binds and ubiquitinates target proteins. In
coimmunoprecipitation studies, FbxI18 specifically interacts with Morf4l1, Skp1, and
Cullinl, indicating that FbxI18 is an authentic E3 ubiquitin ligase component (Fig. 3C).
Reciprocal coimmunoprecipitation studies demonstrated that Morf4l1 interacts with
SCFFbXI18 components (Fig. 3D). Deletion of the first 150 residues in the N terminus of
Morf4l1 abolished its FbxI18 binding capacity (Fig. 3E). Primary sequence analysis
indicated that in the Morf4l1 N terminus, there exists an 1Q motif, a recognized F-box L
family protein interaction signature at residues 140 to 141. Substitution of this Q with an A
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in Morf4l1 diminished its FbxI18 binding capacity (Fig. 3E). We next tested the
vulnerability of the Morf4l1 VV5-K143R mutant versus wild-type Morf4l1 to FbxI18-induced
degradation after coexpression of Morf4l1 and FbxI18 plasmids in cells. Cellular expression
of a Morfdl1 V5-K143R mutant plasmid in cells encoded a protein variant that exhibited
resistance to FbxI118-mediated protein degradation (Fig. 3F). FbxI18 selectively catalyzes
wild-type but not K143R Morf4l1 ubiquitination in vitro (Fig. 3G), whereas the unrelated F-
box protein Fbxw18 does not catalyze Morf4l1 ubiquitination. Knockdown of endogenous
FbxI 18 by short hairpin RNA (shRNA) stabilized Morf4l1 protein and prevented its
degradation (Fig. 3H). Overall, these data demonstrate that SCFF?X!18 is a bona fide E3
ubiquitin ligase complex that interacts through distinct molecular recognition signatures to
mediate Morf4l1 ubiquitin-proteasomal degradation. The studies suggest that lung epithelia
may utilize the actions of SCFFPXI18 to preserve cellular life span under native conditions as
a mechanism for disposal of a potent cytotoxic effector.

The acetyltransferase GCN5 stabilizes Morf4l1

In P. aeruginosa infected cells, the protein levels of Morf4l1 and the lysine acetyltransferase
GCNS5 are up-regulated (Fig. 1E). Inhibition of acetyltransferase activity by the pan-
acetyltransferase inhibitor anacardic acid reduced Morf4l1 abundance, whereas the
deacetylase inhibitor trichostatin A did not affect Morf4l1 stability (Fig. 4A). Anacardic
acid-induced Morf4l1 destabilization can be abolished by addition of the proteasome
inhibitor MG132, suggesting that acetylation protects Morf4l1 from ubiquitin proteasomal
degradation (Fig. 4A). In separate coimmunoprecipitation studies, Morf411 was observed to
interact with the acetyltransferase GCN5 (Fig. 4, B and C). GCNS5 potently acetylates lysine
residues in histone and nonhistone proteins to regulate transcriptional activity (24).
Depletion of GCN5 with sShRNA enhanced Morf4l1 degradation, and overexpression of
GCNS5 stabilized Morf4l1 (Fig. 4D). Expression of Morf4l1 plasmids in cells harboring
mutations at putative acetylation sites identified that GCN5 acetylates Morf4l1 at K143,
which is also the molecular site for Fbx118-mediated Morf4l1 polyubiquitination (Figs. 3, F
and G, and 4E). This finding suggests that competitive acetylation determines Morf4l1
availability for ubiquitination at this molecular site. Lentiviral gene transfer of wild-type V5-
Morf4l1 or V5-Morf4l1-K143R mutant plasmids in lung epithelia showed that P. aeruginosa
infection effectively triggered increased acetylation of wild-type Morf4l1, which was not
observed in the K143R mutant (Fig. 4F). Further, Morf4l1 is stabilized after P. aeruginosa
infection, but depletion of GCNS5 in cells by shRNA abolished the Morf4l1-stabilizing
effects of P. aeruginosa (Fig. 4G).

Finally, acetylation of Morf4l1 protein is increased by other strains of P. aeruginosa and by
other bacterial species such as Escherichia coli (fig. S2). Together, these data indicate that
P. aeruginosa triggers GCN5-mediated K143 acetylation of Morf4l1, which protects Morf4l1
from ubiquitin proteasomal degradation by SCFFPXI18_ Bacteria-induced Morf4l1 acetylation
also appears to be more widespread among bacterial pathogens.

P. aeruginosa infection induces Morf4l1-dependent cell death

To investigate Morf4l1 biological activity, we first evaluated Morf4l1’s effect on cell
viability and cell cycle progression in lung epithelial cells. Flow cytometric analysis
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revealed that overexpression of Morf4l1 plasmid in cells profoundly triggered cell death
(Fig. 5, A to C) by inducing apoptosis and necrosis on the basis of results from staining with
annexin V (an apoptotic indicator) (Fig. 5D) and propidium iodide (cell death indicator)
(Fig. 5E). We generated deletion mutations of Morf4l1 and expressed the plasmids by
transient transfection to finely map the molecular signatures in Morf4l1 that are sufficient
for cell death. We observed that residues 300 to 350 in the C terminus of Morf4l1 are
required for its cytotoxicity (Fig. 5F). We next investigated whether P. aeruginosa
infection—induced cell death is Morf4l1-dependent. We overexpressed or knocked down
Morf4l1 using a lentiviral expression system in cultured lung epithelial cells and challenged
the cells with P. aeruginosa. The pathogen alone effectively reduced cell viability by ~50%
versus uninfected cells (Fig. 5G). Overexpression of Morf4l1 plasmid in cells accentuated P.
aeruginosa—induced cell death, whereas knockdown of Morf4l1 significantly (P < 0.05)
increased the numbers of viable cells both in the presence and in the absence of bacterial
infection. Morf4l1 silencing not only increased the number of overall viable cells in the
absence of bacterial infection but also abolished P. aeruginosa—induced cell death (Fig. 5G).
To assess the ability of Morf4l1 acetylation to counteract the destabilizing actions of FbxI18,
cells were transfected with FbxI18 plasmid and then infected with P. aeruginosa. In these
studies, increased steady-state immunoreactive Morf4l1 was observed after P. aeruginosa
treatment despite high levels of FbxI18 expression (Fig. 5H). These results suggest that P.
aeruginosa—induced Morf4l1 acetylation may protect the protein from ubiquitination leading
to cell death. Further, depletion of endogenous Morf4l1 increases epithelial cell viability,
and Morf4l1 is both sufficient and required to mediate cell death after P. aeruginosa
infection.

Argatroban is a Morf4l1 small molecule antagonist

The above studies led us to explore the possibility of targeting Morf411 pharmacologically.
Because acetylation of Morf4l1 during bacterial infection prevents its degradation through
the proteasome, manipulation of FbxI18 levels or other strategies to enhance Morf4l1
elimination in cells may not be practical. Because the Morf4l1 crystal structure is available
(25-27) and the C terminus is critical to mediate its cytotoxicity (Fig. 5F), we used in silico
design with best-fit ligand docking software to screen small molecules that specifically
interact with the three-dimensional (3D) structure of this domain. Indeed, the Morf4l1
crystal structure shows a potential docking site for chemical entities (Fig. 6A). Of ~6000
small molecules screened from a library, we obtained a range of small molecules that were
predicted to bind to Morf4l1 with high scores in computational analysis. Among these, an
FDA-approved thrombin inhibitor, argatroban (1-[5-[(aminoiminomethyl) amino]-1-oxo-2-
[[(1,2,3,4-tetrahydro-3-methyl-8 quinolinyl) sulfonyl] amino] pentyl]-4-methyl-2-
piperidinecarboxylic acid, monohydrate) (Fig. 6B), interacted with this pocket optimally
(Fig. 6C). The 2D diagram illustrates the Morf4l1-argatroban interaction where residues
G220 and T277 are predicted to be essential for drug interaction with coordinating residues
L287 1274 and Y276, strengthening the drug-target interaction with the pharmacophore (Fig.
6D). Argatroban binds to Morf411 at 60 nM concentration as shown in isothermal
calorimetry (ITC) studies (Fig. 6E). It has been reported that Morf4l1 is a component of
theNuA4 histone acetyltransferase complex that acetylates histoneH4 and H2A (28).
Treatment of cells with argatroban inhibits histone H4K12 and H4K 16 acetylation at 100

Sci Transl Med. Author manuscript; available in PMC 2016 February 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zou et al.

Page 7

nM, a concentration similar to its binding dissociation constant (Kq) (Fig. 6F). Further, in the
setting of Morf4l1 plasmid overexpression or P. aeruginosa infection of cells, argatroban
substantially rescued cell death at similar concentrations (~80 nM) (Fig. 6, G and H).
Collectively, these data indicate that argatroban directly inhibits Morf4l1-dependent
cytotoxicity at drug concentrations below those used for anticoagulation.

Morf4l1l gene silencing or pharmacologic antagonism ameliorates P. aeruginosa—induced

lung injury

Because Morf4l1 accumulates in the lung tissues of subjects with pneumonia and induces
cell death in lung epithelia, we tested whether modulation of Morf4l1 protein or activity
would ameliorate cell death, tissue injury, and survival in experimental pneumonia. We
overexpressed Morf4l1 or depleted Morf4l1 in C57BL/6J mice using a lentiviral delivery
system [107 plaque-forming units (pfu) permouse, intratracheally] and challenged the mice
with P. aeruginosa. Morf4l1 gene transfer profoundly causes cell death and is rapidly lethal
to mice, consistent with our previous observations in cell lines (Fig. 7A). TUNEL (terminal
deoxynucleotidyl transferase—-mediated deoxyuridine triphosphate nick end labeling)
staining revealed extensive cell death in mouse lung tissues from Morf4l1 24 hours after
transfection in animals (Fig. 7, B and C). P. aeruginosa infection [10* colony-forming units
(cfu) per mouse, intratracheally] likewise resulted in cell death, which was nearly
completely suppressed by simultaneous administration of argatroban (5 ug per mouse,
intratracheally) or by knockdown of Morf4l1 in vivo using shRNA (Fig. 7, D and E).
Bronchoalveolar lavage fluid from infected animals treated with argatroban or Morf4l1
shRNA contained reduced protein concentrations and cell numbers compared to control
infected animals (P < 0.05, Fig. 7F). However, the bacterial loads in bronchoalveolar lavage
fluid from the different groups were not altered (fig. S3). Mouse lung tissue homogenates
from this experiment were analyzed by immunoblotting, which revealed that Morf4l1 is
effectively silenced using Morf4l1 shRNA and that Morf4l1 depletion or antagonism
reduced the cleavage of proinflammatory active caspase 1 and the proapoptotic effector
caspase 3 observed with P. aeruginosa infection (Fig. 7G). One prominent cell death
receptor/ligand pair is the Fas/Fas ligand (FasL) system. We observed that unlike Fas, FasL
was up-regulated in P. aeruginosa—infected mouse lung tissues, an effect also blocked by
Morf4l1 depletion or antagonism (fig. S4). Depletion of Morf4l1 by shRNA or inhibition of
Morf4l1 with argatroban markedly increased survival of mice after P. aeruginosa infection
(10° cfu per mouse, intratracheally) (P < 0.05, Fig. 7H). As a whole, these results show that
chemical or genetic blockade of the chromatin remodeling subunit Morf4l1 reduces cell
death and improves survival in a murine model of experimental pneumonia.

Pharmacologic antagonism of Morf4ll ameliorates LPS-mediated lung injury

To further verify the protective function of argatroban seen in P. aeruginosa pneumonia, we
tested argatroban in a murine model of LPS-induced ALI. Immediately after administration
of LPS (3 mg/kg, intratracheally), mice were intratracheally instilled with vehicle, 5 ug of
argatroban, or 5 pg of dabigatran (another direct thrombin inhibitor whose structure is not
predicted to interact with Morf4l1). Mice were sacrificed at 3, 6, and 24 hours after
exposure, with tissues harvested and TUNEL staining performed to evaluate cell death in the
lungs. Figure 8 (A and B) shows TUNEL-positive staining as early as 3 hours after LPS
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treatment that intensifies by 24 hours, indicating substantial LPS-mediated cytotoxicity in
this lung injury model. Analogous to our observations in the P. aeruginosa pneumonia
model, the administration of argatroban significantly reduced cell death in the lungs of LPS-
exposed mice, and this protection was not observed with dabigatran treatment, suggesting
that protection may be due to Morf4l1 antagonism rather than thrombin inhibition (P < 0.05,
Fig. 8B). We assayed the coagulation parameters prothrombin time and international
normalized ratio in these mice to evaluate whether argatroban administration caused
systemic anticoagulation effects or whether thrombin inhibition was confounding the cell
survival phenotype. The prothrombin time and international normalized ratio values were
similar among all groups (Fig. 8C). In a more severe disease model of lung injury, LPS was
given at 5 mg/kg, intratracheally, followed by argatroban at 1, 2, or 5 ug, intratracheally,
with organ harvest and TUNEL staining 6 hours later. Again, cell death in lung tissues was
significantly suppressed by argatroban in a dose-dependent manner (P < 0.05; Fig. 8, D and
E). In this high-dose LPS—induced ALI model, mice die rapidly with a 50% mortality by 8
hours and a 100% mortality at 10 hours for mice treated with vehicle or dabigatran;
argatroban prolongs survival of these LPS-treated mice (Fig. 8F), with five of eight mice
alive at the termination of the experiment (24 hours). We evaluated lung tissue homogenates
from these animals and examined a panel of cell death—and stress-related proteins and
observed suppression of many of these proteins in the setting of argatroban treatment (Fig.
8G). Overall, these data indicate that argatroban protects mice from LPS-induced cell death
in ALI through a mechanism that appears distinct from its anticoagulant properties and may
involve inhibition of Morf4l1.

DISCUSSION

The results reported here show that the life span of a multifunctional chromatin modulator
subunit is extended after microbial infection thereby enhancing its ability to trigger cell
death in pneumonia. We discovered a molecular model for host cell death during pulmonary
inflammation whereby Morf4l1, highly expressed in humans with pneumonia, is acetylated
after bacterial infection. Acetylation diverts it from constitutive degradation mediated by a
previously undescribed SCF E3 component, FbxI18. By using computer-based molecular
docking simulations, we identified and tested an FDA-approved chemical entity that
abrogates inflammatory injury and cell death with prolonged survival in experimental
pneumonia and endotoxin-mediated lung injury. These results underscore a potentially
important pathway whereby a pathogen disrupts cellular viability during infection and also
provides a potential mechanistic platform for targeted intervention (fig. S5). The ability of
the anticoagulant argatroban (Acova) to disable Morf4l1 and lessen the severity of
pulmonary injury highlights the potential use of structure-based analysis for repurposing
FDA-approved drugs as a means to develop new non-antibiotic-based therapies (29).
Whether or not argatroban is effective in preserving cellular viability in other disease models
will require additional preclinical testing.

The cellular concentrations of Morf4l1 are presumably tightly controlled in living cells, with
an increase in accumulation after P. aeruginosa infection or exposure to endotoxin. Among
other bacterial virulence effector pathways, the data here show that the pathogen increases
the concentration of Morf4l1, which, through its C terminus, is sufficient to delay cell cycle
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entry and trigger cell death in host cells. The observation that Morf4l1 is sufficient to
increase TUNEL staining in tissue and cells coupled with the appearance of cleaved caspase
1 and 3 suggests the activation of caspase-activated deoxyribonuclease, a process strongly
implicating an apoptotic pathway (30). Our findings showing that ectopically expressed
Morf4l1 can trigger cell death stand in distinct contrast with prior studies indicating that
Morf4l1 promotes cell cycle progression and cell proliferation, but are concordant with other
studies showing that Morf4l1 knockdown enhances cell survival in the setting of toxin
exposure (16-18). This discrepancy could be explained either by unique mechanistic
responses to the effects of this protein in lung epithelia versus other mammalian cell types or
by the ability of ectopically expressed Morf4l1 to modulate the levels, activity, or occupancy
of endogenous Morf4l1 or an unidentified protein in cell complexes that drive cell
proliferation. The embryonic lethality of Morf4l1 knockout mice that have impaired cell
proliferation may be due to the loss of Morf4l1 proapoptotic effects in subpopulations of
cells that provide a permissive environment for organogenesis to ensue (15). However, the
potent ability of ectopically expressed Morf4l1 to induce cell death both in lung tissue and in
an SV40-transformed murine lung epithelial cell line, paired with partial reversal of this
phenotype with Morf4l1 endogenous gene silencing or pharmacologic antagonism, supports
its unique death effector function.

Because Morf4l1 forms stable complexes with chromatin-modifying enzymes and interacts
with retinoblastoma protein (31), it is possible that a by-product of elevated levels of this
protein involves modulation of transcriptional networks involved in inflammation or cell
death. Indeed, the ability of deacetylase inhibitors to modulate pulmonary inflammatory
responses after endotoxin exposure supports our findings that altered concentrations or
activities of chromatin-associated components such as Morf4l1 are pathophysiologically
regulated by bacterial factors (32). Although Morf4l1 levels are induced after P. aeruginosa
infection, its mode of elimination resembles that of a related protein, Morf4, which is
constitutively disposed of through the ubiquitin proteasome (33). Identifying the
mechanisms whereby Morf4-related proteins are eliminated by ubiquitin-dependent
processing is important, given their cytotoxic behavior even at low concentrations (33).
FbxI18 was identified in a recent adaptor capture proteomic study (34). Here, we validate
that Morf4l1 is a substrate of Fbx118 in the SCF complex. Morf4l1 itself is not an
acetyltransferase per se, and its acetylation is catalyzed by GCNS5 to enhance its stability.
Our results suggest intermolecular competition at a single residue, K143, between acetylation
that stabilizes Morf4l1 and destabilizing polyubiquitination mediated by SCFFXI18 |n one
scenario, it is possible that P. aeruginosa infection triggers nuclear relocation of Morf4l1
through its acetylation and bipartite nuclear localization signals to escape from SCFFbxI18
ubiquitin proteasomal targeting in the cytoplasm. This mode of subcellular control through
acetylation has been described for the retinoblastoma protein (35). Hence, the life span of
Morf4l1 in epithelia is likely controlled by the relative pool sizes of polyubiquitinated
Morf4l1 versus acetylated protein, the latter increasing after some microbial infections.

There are limitations with our study. Our findings in human pneumonia need to be
confirmed in studies with greater numbers of subjects adjusted for possible confounding
factors such as bacterial etiology, illness severity, and comorbidities. Although here,
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Morf4l1 triggers cell death through its posttranslational modification, confirmation of this
would require mass spectrometric methods. Finally, additional studies demonstrating target
validation with argatroban are needed to ascertain whether this therapeutic indeed acts
through this epigenetic modulator or works indirectly.

The results raise opportunities to consider selective targeting of Morf4l1 pharmaceutically to
attenuate inflammatory injury in preclinical studies where retention of cellular viability is
paramount. Such approaches could complement existing ARDS cell-based replacement
strategies (36). Small molecules targeting chromatin modifiers are currently in preclinical or
clinical trials (37, 38). We have uncovered a unique mechanism of action for argatroban,
used clinically as an anticoagulant. Argatroban directly binds to the active site of thrombin
with an inhibitory constant (K;) of 40 nM (39). Here, argatroban binds Morf4l1 at similar
concentrations (66 nM) as it does thrombin (~40 nM), inhibits Morf4l1 function in the
context of complex-mediated histone modification, and prevents Morf4l1- or P. aeruginosa—
induced cell death in vitro and in vivo. Our effective argatroban dose used in mice equates to
about one-tenth of the patient weight—adjusted dosage used in clinical application, and no
overt signs of bleeding or coagulopathy were noted in the animals treated. Other preclinical
studies show that argatroban reduces inflammation in fatty liver disease, a disorder also
characterized by apoptosis, and the drug decreases leukocyte adhesion and improves
capillary perfusion (40, 41). It is tempting to speculate that the use of argatroban may be an
effective therapy for patients with lung injury given that clinical studies assessing direct
thrombin inhibitors in critically ill patients are now under way (NCT01911624). The
successful implementation of new or repurposed small molecules active against newly
characterized targets will be an interesting area of future study.

MATERIALS AND METHODS

Study design

The objective of this study was to understand the mechanisms whereby bacterial infection or
LPS induces cell death in experimental models of pneumonia by modulating Morf4l1
protein stability. We also evaluated a Morf4l1 antagonist in mice to test the hypothesis that
this approach would preserve cell viability. In vivo experiments using mice involved at least
four to six mice per group as determined by a GraphPad StatMate power analysis, assuming
an 80% reduction of mortality with 80% power and an a of 0.05. Mice were randomized
into various groups, but the experimenter was not blinded to the identities of individual
groups. Animals were not withdrawn from the studies according to predetermined criteria in
the Institutional Animal Care and Use Committee (IACUC) protocols, nor were they
excluded from any of the analyses.

Bacterial infection

PA103 was inoculated on a tryptic soy broth (TSB) agar plate overnight. Bacteria were
collected from the plates and cultured in TSB broth with 5% glycerol until their log phase
(optical density, 0.6). Murine lung epithelial cells at 90% confluence were infected with the
bacteria at the concentrations indicated.
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Animal experiments

Lenti-Morf1l viral constructs were generated by PCR. C57BL/6J mice (8 to 10 weeks old,
male) were administered lenti-empty, lenti-Morf4l1, or lenti-Morf4l1 shRNA (108 pfu per
mouse, intratracheally) for 7 days before intratracheal inoculation with P. aeruginosa (5 x
10* per animal) for 24 hours. Each group contained five to nine mice. In separate studies,
mice were given argatroban (5 g per mouse, intratracheally) immediately after P.
aeruginosa inoculation for 24 hours before tissue harvest. Lung tissues from mice were
homogenized and sonicated in cell lysis buffer followed by immunoblotting analysis. For
survival studies, the lenti-empty—, lenti-Morf4l1-, lenti-Morf4l1 shRNA~, or argatroban-
treated (5 pg per mouse, intratracheally) animals were inoculated with P. aeruginosa (5 x
10° per animal) for 24 hours, with survival assessed daily. LPS was administered
intratracheally into mice at 3 or 5 mg/kg for different experiments, followed immediately
with argatroban (0 to 5 pg per mouse, intratracheally) or dabigatran (5 pg per mouse,
intratracheally), and mice were euthanized as indicated. In some studies, lungs were
processed for hematoxylin and eosin and TUNEL staining by the Starzl Transplantation
Institute Core Facilities. All procedures were done in accordance with approved protocols
from the University of Pittsburgh IACUC.

Human samples

Human lung samples were obtained from the University of Pittsburgh Health Sciences
Tissue Bank as described previously (42). The control subjects’ ages ranged from 50 to 62
years, whereas in pneumonia subjects, the ages ranged from 12 to 60 years. All subjects
were Caucasian. The study was approved both by the University of Pittsburgh Tissue
Utilization Committee and Institutional Review Board.

Plasmid construction, mRNA, and mutagenesis

Statistics

Morf4l1 was cloned into pcDNA 3.1 and lentiviral expression vectors by PCR using kits
from Invitrogen and the Morf4l1 cDNA as a template with the following primers: forward
primer, 5-ATGGCGCCGAAGCAGGA-CCCG-3; reverse primer, 5'-
CACAGCTTTCCGATGGTACTCAGG-3'. N-terminal truncations of Morf4l1 were
generated by PCR using appropriate primers as described (23). The levels of steady-state
MRNA were assayed by cellular RNA extraction and cDNA preparation (Qiagen) before
gPCR was performed with a SYBR Green reporter in a Bio-Rad CFX96 Real-Time System
Analyzer. Site-directed mutagenesis of lysine and serine residues in Morf4l1 was carried out
using a mutagenesis kit (Promega).

Descriptive statistics were reported with mean + SEM for continuous variables. All data
were statistically analyzed by nonparametric methods: Mann-Whitney U test, Kruskal-
Wallis equality-of-populations rank test, and log-rank test where appropriate to compare
multiple groups within and between experiments. By using nonparametric methods rather
than parametric tests, we are able to avoid the possible error by assuming normality of data
and be more conservative to determine statistical significance. The effect size was
determined on the basis of pilot studies and prior work involving murine infection models.
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Kaplan-Meier survival curves were generated for animal studies. All analyses were
performed using Stata Statistical Software Release 10.1 (StataCorp).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Normal Pneumonia
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Fig. 1. Morf4l1 accumulates in pneumonia
(A) Human lung tissues from patients with pneumonia (n = 8) and healthy patients (normal;

n = 5) were analyzed for Morf4l1 protein expression by immunoblotting. -Actin was used
as a loading control. (B) Results of the densitometric analysis of bands from immunaoblots. P
= 0.029 versus normal tissue by the Mann-Whitney U test. N, normal; P, pneumonia. (C)
Murine lung epithelial cells were exposed to various concentrations of LPS for 2 hours, and
Morf4l1 was assayed by immunoblotting. (D) Steady-state levels of Morf4l1 mRNA
determined by quantitative polymerase chain reaction (qQPCR) after LPS exposure. (E)
Murine lung epithelial cells were infected with P. aeruginosa strain 103 (PA103) at an MOI
of 10 for 2 hours, and immunoreactivity of Morf4l1 or acetyltransferases was assayed by
immunoblotting. (F) Steady-state levels of Morf4l1 mRNA determined by gPCR after 2
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hours of infection with various MOI of PA103. Data in (B), (D), and (F) represent means +
SEM. Each panel in (B) to (F) represents at least n = 3 independent experiments.
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Fig. 2. Morf4l1 is a labile protein degraded by the ubiquitin proteasome
(A) Murine lung epithelial cells were exposed to cycloheximide (CHX) alone or in

combination with the proteasome inhibitor MG132 or the lysosomal inhibitor leupeptin for
various times, and Morf4l1 was assayed by immunoblotting. (B) Results of the
densitometric analysis of bands from immunoblots from (A). (C) Cells were transfected with
wild-type (WT) V5-Morf4l1 or one of two V5-tagged Morf4l1 point Lys mutant plasmids
(K136R, middle panels, or K143R, lower panels), and cells were exposed to CHX. Shown
are the protein decay kinetics of WT and Morf4l1 mutant proteins. (D) Murine lung
epithelial cells were transfected with WT V5-Morf4l1 (WT-V5) or a V5-tagged Morf4l1
point mutant plasmid (K143R mutant) (K143R-V5). Cell lysates were subjected to
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coimmunoprecipitation by immunoprecipitating (IP) proteins with V5 antibody followed by
HA immunoblotting (IB). Shown is ubiquitination of Morf4l1-expressed proteins. Data in
each panel represent n = 3 independent experiments. HA, hemagglutinin.
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Fig. 3. SCFFPXI18 hinds to Morfall to mediate its polyubiquitination and degradation
(A) Murine lung epithelial cells were transfected with one of several VV5-tagged plasmids

encoding F-box proteins. The top panel shows the effects of various expressed plasmids on
immunoreactive Morf4l1 levels in cells. The middle panel shows the relative cellular protein
expression of plasmids by V5 immunoblotting, and the bottom panel shows B-actin. (B)
Cells were transfected with various amounts of FbxI18 or Fbxw18 plasmids. Shown are the
results of the densitometric analysis of Morf4l1 bands from immunoblots after plasmid
transfection. (C and D) Coimmunoprecipitation studies showing the interaction of FbxI18
with complexes containing Morf4l1 and SCF E3 ligase components Skpl and Cullinl. In the
left panel, endogenous FbxI18 was subjected to coimmunoprecipitation followed by
immunoblotting with the indicated antibodies. In the right panel, endogenous Morf4l1 was
subjected to immunoprecipitation followed by immunoblotting with the indicated
antibodies. 1gG, immunoglobulin G. (E) Cells were transfected with full-length WT V5-
Morf4l1, a Morf4l1 N-terminal truncation plasmid (encoding residues 150 to 362), or a V5-
tagged Morf4l1 double point mutant plasmid where leucine and glutamine in an 1Q F-box
motif were substituted with an alanine. After transfection, cell lysates were subjected to
coimmunoprecipitation with FbxI18 antibody followed by V5 immunoblotting. The top
panel shows that, unlike WT Morf4l1, the expressed mutant proteins lack the ability to
interact with the F-box protein. The middle and bottom panels show the relative expression
of V5 proteins or FbxI18 in cell lysates, respectively. WCL, whole cell lysate. (F) Cells were
cotransfected with full-length WT V5-Morf4l1 or V5-tagged Morf4l1 point mutant plasmids
with or without FbxI18 plasmid. Shown in the top panel is the relative expression of Fbx118
protein. The middle panel shows the levels of VV5-tagged expressed mutant Morf4l1
proteins, and the bottom panel shows B-actin. (G) In vitro ubiquitination of Morf4l1. Shown
are the effects of SCF-Fbx118 on WT or K143R mutant Morf4l1 ubiquitination in vitro.
Fbxw18 is a negative control. PolyUb, polyubiquitination. (H) Cells were transfected with
Fbx118 shRNA or control RNA and exposed to CHX. Shown graphically are the decay
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kinetics of Morf4l1 after FbxI18 silencing. The data in each panel represent n =3
independent experiments, except in panel (G) (n = 1).
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Fig. 4. GCNS5 acetylates and stabilizes Morf4l1
(A) Murine lung epithelial cells were exposed to anacardic acid (100 uM) to impair

acetylation or to trichostatin A (1000 nM) to inhibit deacetylase activity for 4 hours with or
without MG132; immunoreactivities of Morf4l1 and p-actin were then assayed. (B and C)
Morf4l1 interaction with GCN5 by coimmunoprecipitation. (D) Morf4l1 protein decay is
shown after expressing an empty vector or plasmids encoding Gen5 or Gen5-silencing
plasmids and CHX treatment. Shown are immunoblots of Morf4l1, GCN5, and p-actin. (E)
Cells were cotransfected with one of several Morf4l1 point mutant plasmids and Gcn5b
plasmid. The levels of acetylated Morf4l1 are shown in the top panel, and cell lysates probed
for V5 by immunoblotting are shown in the bottom panel. (F) Cells were transfected with
WT V5-Morf4l1 or V5-Morf4l1 point mutant plasmid and then infected with P. aeruginosa
(MO, 10) to assess acetylated Morf4l1 (top row in each set) or total V5-Morf4l1 protein
(bottom row in each set). (G) Cells were transfected with an empty vector or Genb shRNA
with P. aeruginosa infection (MOI, 10) and exposed to CHX. Shown graphically are the
decay kinetics of Morf4l1 after Genb silencing or bacterial infection. The data in each panel
represent n = 3 independent experiments.
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Fig. 5. Morf4l1 mediates P. aeruginosa—induced cell death
(A to C) Fluorescence-activated cell sorting analysis with 5-bromo-2’-deoxyuridine labeling

of murine lung epithelial cells after expression of a pcDNA 3.1 vector (A) or pcDNA 3.1/
Morf4l1 vector (B); the data were plotted in (C) to show cell cycle progression and
apoptosis. (D and E) Cells were transfected with vector alone or various amounts of Morf4l1
plasmid and then processed for annexin V staining to assess apoptosis (D) or propidium
iodine staining (E) to assess cell viability. (F) Cells were transfected with Morf4l1 deletion
plasmids, and the number of viable cells was determined using trypan blue staining. (G)
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Cells were transfected with an empty vector, a plasmid encoding Morf4l1, or Morf4l1
shRNA and then infected with (or without) P. aeruginosa (MOI, 10). Shown are the
numbers of viable cells after plasmid expression and infection. Data in (F) and (G) represent
means + SEM. *P < 0.05 versus 1-362 mutant (F). In (G), *P < 0.05 versus uninfected
vector control or shRNA-infected group, and **P < 0.01 versus corresponding ShRNA
groups by the Mann-Whitney U test. (H) Immunoblot showing steady-state Morf4l1,
FbxI18, or -actin protein in cells after transfection with Fbxl18 plasmid and then infection
with P. aeruginosa or treatment. Data in each panel represent n = 3 independent
experiments.
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Fig. 6. Argatroban is a potent Morf4l1 inhibitor
(A) Morf4l1 crystal structure and potential docking site are shown. (B) Chemical structure

of argatroban. (C) Morf4l1-argatroban docking; the small molecule embedded in Morf4l1 is
shown in green. (D) A 2D diagram illustrates Morf4l1-argatroban interaction. Specifically,
residues Gly220 and Thr277 within the Morf4-related gene domain (MRG) of Morf4l1 are
essential for drug interactions. (E) ITC binding assays show argatroban binding to Morf4l1l
with high affinity (66 nM). (F) Effect of argatroban on Morf4l1 activity (when presented
within a protein complex) on acetyl-histone H4 in the cells. (G and H) Murine lung
epithelial cells were transfected with Morf4l1 plasmid (G) or infected with P. aeruginosa
(MO, 10) (H) and then exposed to varying concentrations of argatroban, and effects on cell
viability were analyzed. Data in each panel represent n = 3 independent experiments.
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Fig. 7. Morf4l1 depletion or antagonism reduces cell death in experimental pneumonia
(A) Kaplan-Meier curves showing mouse survival after empty vector or Morf4l1 gene

transfer in mice (n = 6 per group, *P = 0.0006 versus empty vector by the Mann-Whitney U
test). (B and C) Lungs from mice in (A) were processed for TUNEL staining (B), which
reveals the number of apoptotic cells (brown cellular staining in each group), and data were
quantitated to show number of apoptotic cells in (C). The inset in (C) shows the relative
protein expression of Morf4l1 in mouse lung tissue after gene transfer. *P < 0.05 versus
empty vector by the Mann-Whitney U test. (D and E) Gene transfer was conducted in mice
(n =6 mice per group) with administration of an empty vector alone or an empty vector or

Morf4l-silencing vector followed by P. aeruginosa infection (104 cfu per mouse,

intratracheally). Shown in (D) are representative TUNEL stains of lung tissue and
quantification of apoptotic cells in (E). A separate group of mice in (D) received argatroban
(50 pg, intraperitoneally), and lungs were assessed by TUNEL staining. P < 0.05 versus
empty vector with PA103 by the Kruskal-Wallis test. (F to H) Bronchoalveolar lavage from
the mice in the above groups was processed for cell counts and protein concentration (F). *P
< 0.05 versus empty vector with PA103. (G) The lungs were assayed for immunoreactivity
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of Morf4ll and cleaved caspases. Mouse survival in each group was also determined, and
Kaplan-Meier curves are shown in (H). Scale bars, 100 um. *P = 0.002 versus empty vector.
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Fig. 8.

Pharmacological antagonism of Morf4l1 ameliorates LPS-mediated lung injury. (A) Lungs
from mice were processed for TUNEL staining showing the numbers of apoptotic cells
(brown cellular staining in each group). Mice were administered LPS (3 mg/kg,
intratracheally), followed by phosphate-buffered saline (PBS) (left panels), dabigatran (5 pg
per mouse) (middle panels), or argatroban (5 g per mouse) (right panels). Cell death was
monitored at a range of time points as indicated (n = 4 mice per group). (B) Data were
guantitated to show the numbers of TUNEL-positive cells in (A). *P < 0.05 versus LPS
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alone. (C) Coagulation parameters prothrombin time (PT) and international normalized ratio
(INR) were measured with clinical apparatus following the instructions of the manufacturer
(ISTAT). (D and E) Dose effects of argatroban in LPS-mediated cell death in murine
pneumonia. Each group of mice (n = 4 per group) was given LPS (5 mg/kg, intratracheally)
followed by different amounts of argatroban. Lung tissues were collected at 6 hours for
TUNEL staining. Shown in (D) are representative TUNEL stains of lung tissue and
quantification of apoptotic cells in (E). ** P < 0.05 versus 0 dose argatroban by the Kruskal-
Wallis test. (F) Kaplan-Meier curves for mice exposed to LPS and treated with dabigatran or
argatroban (n = 8 animals per group; the experiment was terminated at 24 hours). *P <
0.0001 versus LPS alone by the Kruskal-Wallis test. (G) The lungs from (A) were assayed
for immunoreactivity of a selected panel of apoptosis and stress proteins, and the inset
shows the results of the assay. Densitometry results of each protein were plotted. Scale bars,
100 pm. *P < 0.05 and **P < 0.01 versus PBS by the Kruskal-Wallis test.
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