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Abstract

Recent developments in pulmonary cell biology have shown that the maintenance of protein
concentrations, proteostasis, is an integral process of all biologic systems. The balance of available
protein is the sum total of three key elements of cell metabolism: production by transcription and
translation, compartmentalization through processing and sorting, and proteolytic degradation of
proteins at any stage of their life-span. Considerable advances are constantly made in each of these
three essential fields, and our appreciation for the diversity of mechanisms of protein degradation
has expanded greatly in the last decade. The ubiquitin proteasome system (UPS) has emerged as
the predominant protein degradation pathway in eukaryotes, with the large cullin-RING family of
E3 ligases responsible for ubiquitination of a broad array of proteins to be degraded. The Skip-
Cullin-F-box (SCF) ubiquitin E3 ligase superfamily is the largest family of cullin-RING ligases,
with interchangeable F-box proteins orchestrating the trafficking proteins for ubiquitination and
degradation. We will discuss the best characterized and most recent developments in the role of
this intriguing family of proteins in normal physiology and disorders of the lungs.
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1. Introduction

For vertebrates to survive, they must have oxygen. In land dwelling vertebrates, oxygen is
taken from ambient air that is exchanged through an elegant pulmonary system, where it
serves in a critical role for the generation of chemical energy in various tissues. The lungs
are an interface between the bloodstream and the outside world, and their ability to function
dependably and efficiently over many decades in most individuals without catastrophic
failure is one of nature's wonders. Like the skin and the gut, the lungs are constantly exposed
to environmental particulate matter, pathogens, and other noxious stimuli; the maintenance
of normal respiration without succumbing to infection or activation of robust innate or
adaptive immune responses with consequent inflammatory lung damage is typical and
essential to maintain homeostasis. In many human lung disorders, this delicate balance is
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tipped and the consequences can be dire, with respiratory failure and death among the
common outcomes in disorders such as chronic obstructive pulmonary disease (COPD),
cystic fibrosis (CF), the acute respiratory distress syndrome (ARDS) or acute lung injury
(ALI), and pneumonia. Given the severity of these diseases, many insights into the
molecular pathophysiology of lung disease have emerged over the past several years in areas
including biochemistry, genetics, and cell biology to name a few. In this review, we will
highlight one such area of new discovery, namely the selective regulation of protein
degradation in the lung by the ubiquitin proteasome system, specifically the SCF (Skp1-
Cullin1-F-box) ubiquitin E3 ligase complex, and how this apparatus at the protein level
affects critical functions of lung cells with profound ramifications sufficient to affect the
vitality of the organism. We will explore new insights and recent findings in this field, and
discuss the burgeoning area of drug development as it relates to the ubiquitin proteasome
system (UPS).

1.1. Selective protein degradation and cellular function

Maintenance of any healthy tissue requires stringent quality control at protein and cellular
levels. All cellular proteins undergo normal turnover in the cell. This quality control
mechanism prevents misfolded or dysfunctional proteins from being improperly active or
accumulating unnecessarily after a discreet event or signal that may have led to their
upregulation. It also functions as a means to change critical protein concentrations in the cell
in response to chemical signals or for important cellular events, such as cell division. The
major cellular systems involved in this regulation are the lysosome and the ubiquitin (Ub)
proteasome [1], with the latter being the more prevalent modulator of proteins, in which
target proteins that have been ubiquitinated are recognized and degraded by the large 26S
proteasome protein complex, which is composed of 20S and two 19S proteolytic subunits.
Ubiquitination of targets occurs in an ATP-dependent fashion, through an elaborate
enzymatic cascade that adds the ubiquitin protein to first E1, then E2, and last to the specific
target proteins by action of a ubiquitin E3 ligase. Usually a chain of four or more Ub
monomers is added to the target, determining its recognition by the proteasome and resulting
in target degradation. Overall, this process consumes large amounts of cellular energy, is
represented by the largest family of enzymes present in eukaryotes, and accounts for 5%
of the genome. The targeting, ubiquitination, and degradation of proteins occur in a highly
regulated and specific manner, with the E3 ligase orchestrating the ubiquitination of target
proteins and shuttling them for degradation usually after the target protein has undergone
some post-translational modification that generates a specific structural motif, termed a
‘degron’ [2]. The two major E3 ligase types are the HECT (homologous to the E6-AP
carboxy terminus) domain proteins and the RING (really interesting new gene) families.
These proteins are represented by hundreds of genes in humans, and the E3 ligases are
highly represented in all eukaryotes. The RING E3 ligases far outnumber the HECT family
members, and RING E3 ligases can be single enzymes, or part of a multi-subunit E3 ligase
complex with adapter proteins mediating interaction between the substrate and the E2 ligase,
as characterized by the anaphase-promoting complex (APC) or the Skp1-cullin-F box (SCF)
subfamilies.

One example of E3 ligase molecular regulation related to respiration is the oxygen-sensing
role of the hypoxia inducible factor (HIF) 1a, which is a potent transcriptional activator of
many stress response proteins including chemokines, growth factors, and proteases. In
normoxic conditions HIF-1a is hydroxylated forming its degron, and then recognized by the
von Hippel-Lindau protein (vHL), an E3 ligase that mediates HIF-1a polyubiquitination
and disposal by the proteasome [3]. During hypoxia, however, HIF-1a protein
hydroxylation is reduced leading to its accumulation in oxygen starved cells. The net effect
of HIF-1a stabilization is rapid activation of stress and survival responses. This is important
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in normal growth, but has also been well characterized in neoplasia where cancer cells with
limited local blood supplies augment their growth potential resulting in local tissue invasion
[4]. In translational biomedical research, roles of the vHL protein and HIF1a signaling axis
predominantly focus on its role in oncogenesis, but mutations of the vHL cause increased
HIF-1a signaling, leading to polycythemia and pulmonary arterial hypertension in afflicted
patients, who universally suffer from respiratory insufficiency. In addition to regulation of
HIF1a protein concentrations to modulate cell growth and survival responses, vHL also
controls edema formation during lung injury. In severe lung injury associated with hypoxia,
vHL mediates degradation of Na-K-ATPase required for lung fluid clearance from the
airways [5]. Here, it appears that reactive oxygen species generated during lung injury are
important to activate vHL that targets the Na-K-ATPase needed to maintain proper lung
fluid clearance [6]. As a whole, these observations suggest that components within the UPS
are sensitive to low oxygen tension that in turn regulate key UPS physiologic effectors
involved in maintaining lung structure and function.

1.2. The importance of the proteasome and ubiquitin E3 ligases in lung homeostasis and

disease

As was recently discussed [7], the proteasome has broad activities in acute lung injury, with
diverse biologic roles becoming more specialized during this acute response. For example,
tumor necrosis factor (TNF) or interferon release from pro-inflammatory cells leads to the
conversion of 19S elements in the proteasomal machinery to form an ‘immunoproteasome’,
which produces 8-10 residue peptides that are trafficked preferentially through antigen
processing machinery and ultimately to the type | major histocompatibility complex to be
presented to T-lymphocytes that bolster immunity to pathogens.

In inflammation associated with tobacco exposure, some smokers have a constitutively
active inflammatory phenotype and many of them develop COPD. Part of this dysfunction is
now known to be secondary to ubiquitin dependent degradation of the genetic regulator
histone deacetylase (HDAC) 2 after phosphorylation or adduction of peroxynitrite that is
generated by reactive oxygen and nitrogen species created by smoking [8]. This loss of
HDAC?2 results in aberrant transcription of pro-inflammatory genes, most notably the
neutrophil chemokine interleukin 8, causing feed-forward inflammation in some smokers
with HDAC2 levels correlating inversely with COPD severity [9].

In a study of acute lung injury, the E3 ligase Cblb was shown to regulate signaling through
the Toll-like receptor (TLR) axis [10], which senses pathogen associated molecular patterns
(like bacterial flagellin, lipopolysaccharide (LPS), or peptidoglycan, as well as viral capsid
proteins or double stranded RNA) and initiates an inflammatory response. Loss of Cblb
potentiated the inflammatory response with increased expression of inflammatory genes,
persistence of the TLR surface expression, and worsened tissue inflammation leading to
decreased survival in LPS challenged animals.

Recent studies have detected proteasomes and activation of the ubiquitin E3 ligase system
outside the cellular environment in many organ systems, including the blood, CSF, gut
lumen, and lung alveolar fluid. Such proteasomes in lung fluid are only shown to have the
20S subunit, which nonselectively cleaves what proteins it encounters without prior
processing or ubiquitination [11]. There is some controversy in the literature regarding the
origin of these extracellular proteasomes, as some authors believe that it is a consequence of
cell lysis and the spillage of intracellular contents into the extracellular space; often
concentrations of proteasomes in lung fluid correlated with concentrations of the
intracellular protein lactate dehydrogenase (LDH). Others assert that there is packaging and
exocytosis (i.e. active secretion) of intact proteasomes. Regardless of the specific
mechanisms of release to the extracellular space, these extracellular proteasomes are
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increased in the setting of acute infection and inflammation, and they may play an important
role in processing extracellular pathogen proteins for antigen presentation by macrophages
and dendritic cells to activate immunity against the viruses, bacteria, fungi, or parasites that
the host encounters [12].

1.3. The SCF ligase and the role of F-box proteins

The largest family of cullin-RING E3 ligases is the Skp1-Cullin-F-box protein (SCF) family,
a multi-module complex that mediates ubiquitination of post-translationally modified target
proteins or substrates often for proteasomal degradation. In this family, the F-box proteins
(FBPs) are responsible for substrate specificity, recognizing the degron motif of substrates
(usually phosphorylated or otherwise modified) with a target binding domain, and tethering
the substrate protein to the rest of the complex via specific interaction between the F-box
domain and the Cullin protein [13]. The loaded E3 ligase then ubiquitinates the substrate
through activity of a ubiquitin conjugating (E2) enzyme. If the ubiquitin monomer is
attached to the substrate by the Ub Lys 48 residue, and four or more Ub residues are added,
degradation by the proteasome proceeds (Fig. 1).

The F-box proteins are thus vital for affecting changes in cellular states including responses
to exogenous stimuli or cell cycle progression. Each of these FBPs brings about degradation
of a specific set of target or substrate proteins based on the degron structure that it binds.
Some 68 FBPs have now been identified in humans, and are designated based on the
primary structure of their presumed target binding domains as FBXL (containing a leucine-
rich domain), FBXW (containing a WD-40 domain), or FBXO (containing neither leucine
rich nor WD-40 domains) [14]. The precise action of each of these molecules is only now
beginning to be characterized, with multiple laboratories actively investigating the specific
details of the diverse and critical role that these proteins play in substrate binding,
regulation, and cell physiology.

2. F-box proteins in inflammatory lung disease

A few FBPs are well described for their essential roles in cell cycle progression, but the
physiologic consequences of these proteins in the lung are only being recognized, and our
laboratory among several others have recently uncovered potentially important roles of
FBPs' by their ability to target key substrates linked to critical pathways of pulmonary
homeostasis and disease. Perhaps the most prominently implicated signaling axis in
pulmonary inflammation is through the activity of the nuclear factor of kappa light
polypeptide gene enhancer in B-cells, NF-kB [15]. This master regulator of inflammation
serves as a transcription factor for all classes of inflammatory mediators, and its activity
leads to expression of cytokines, chemokines, adhesion molecules, matrix metalloproteases,
leukocyte growth factors, and generators of reactive oxygen species. The negative regulator
of NFkB is IkB, which binds and sequesters NFKB in the cytosol under normal,
noninflammatory conditions [16]. IkB is degraded by the ubiquitin proteasome via one of
the first FBPs identified, B-transducin repeat containing protein (3-Trcp, now designated
FBXW1). When IKB is phosphorylated by the IkB kinase, it is recognized by SCFFBXW1 tg
mediate its degradation, leaving NFKB unrestricted to initiate the inflammatory cascade. IkB
phosphorylation is in turn regulated by the activity of multiple kinases, which are each
activated in response to receptor-associated intermediate protein second messengers, such as
the TNF-receptor associated factor proteins (TRAFs; see Section 2.3).

In addition to FBXW1, recent studies from our laboratory have identified and characterized
mechanistic roles of other F-box proteins (FBXL19, FBXL2, and FBXO3) relevant to
pulmonary inflammation at the level of cytokine receptor stability, surfactant homeostasis,
and inflammatory signaling that will be discussed below.
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2.1. SCFFBXL19 requlation of the IL-33 receptor

Interleukin 33 (IL-33) is a central mediator of the inflammatory response during asthma and
acute lung injury. Zhao and colleagues have shown that the IL-33 receptor ST2 is
phosphorylated by the kinase glycogen synthase kinase B (GSK3), resulting in formation of
a phosphodegron motif within the receptor [17]. After phosphorylation, the 1L-33 receptor,
ST2L, is avidly bound by a previously uncharacterized SCF-based subunit, F box protein
FBXL19, that within the SCFFBXL19 E3 |igase complex was sufficient and required to
mediate STL2 site-specific polyubiquitination leading to its degradation. Upregulation of
GSK3 or overexpression of FBXL19 decreased ST2 availability and downstream mitogen
activated protein (MAP) kinase signaling through the 1L-33 axis. Importantly, the authors
demonstrated that ectopically expressed FBXL19, by mediating ST2 disposal, effectively
blunted 1L-33 bioactivity in mice evidenced by reduced pro-inflammatory responses,
improved lung pathology, and improved survival in animal models of Pseudomonas
aeruginosa pneumonia and LPS-mediated ALI [17].

2.2. SCFFBXW1 requlation of Lpcat

Proper respiration requires functional alveolar surface characteristics, with surfactant being a
critical component in the tissue's structure and function; lysophosphatidylcholine
acyltransferase (Lpcat) is a necessary enzyme for surfactant biosynthesis that is
phosphorylated by GSK-3p and then subsequently bound by FBXW1 for ubiquitination
[18,19]. In lung injury, loss of Lpcat function by exogenous FBXW1 causes decreased
surfactant, worsened lung pathology, and shorter survival.

2.3. SCFFBXL2 regulation of CCTa

FBXL2 was originally described as a geranylgeranylated host F-box protein that was
required for hepatitis C virus RNA replication [20]. However, its authenticity as an SCF
component and identity of its substrate(s) until recently were unknown. The first description
of an FBXL2 substrate was CTP: phosphocholine cytidylyltransferase (CCTa), a rate-
regulatory and rate-limiting lipogenic enzyme needed for surfactant phospholipid synthesis
in the lung, and thus essential for maintenance of the airway surface dynamics. Chen and
colleagues demonstrated that calcium influx after P. aeruginosa infection led to rapid
lysosomal degradation of CCTa after its monoubiquitination catalyzed by the SCFFBXL2 E3
ligase complex [21]. Of note, unlike phosphodegron recognition signatures needed for
recruitment of other F box proteins to their substrates, the FBXL2 binding site on CCTa was
identified within a canonical 1Q domain of CCTa; 1Q domains are expressed in a great
number of diverse proteins, and are typical of calmodulin binding sites. Not surprisingly,
calmodulin also bound CCTa within this IQ motif to stabilize the enzyme and displayed
intermolecular competition with FBXL2 for occupancy within CCTa. Cellular depletion of
FBXL2 also stabilized CCTa protein levels and stimulated surfactant biosynthesis whereas
depletion of intracellular cal-modulin destabilized CCTa, underscoring a unique mode of
regulation of this surfactant enzyme by calcium and the SCFFBXL2 complex.

Moreover, adenoviral gene transfer of calmodulin lessened the severity of lung injury in a
Pseudomonas pneumonia mouse model. Hence, FBXL2 may play an important role in lung
homeostasis by regulating concentrations of a key enzyme involved in surfactant
metabolism. The findings do not exclude other critical molecular targets for SCFFBALZ,

2.4. Emerging roles of FBXL2: a pivotal regulator of inflammation

Other activities of FBXL2 are emerging and are particularly relevant to cell proliferation and
inflammation. The most recently discovered target proteins of FBXL2 are the TNF-receptor
associated factors (TRAFs1-6), which also possess a calmodulin binding motif. These
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proteins are critical adaptor elements that link cell surface receptors to transduction of
intracellular signals that may ultimately trigger NF-kB dependent pro-inflammatory gene
transcription. Hence, some, but not all receptors that activate TRAF proteins can lead to the
synthesis of new inflammatory proteins depending on the cell type and circumstances of
receptor ligation and TRAF expression pattern. Using this paradigm, Chen et al. showed that
FBXL2 acts as a sentinel feedback inhibitor of inflammation by targeting TRAF1-6 proteins
for their polyubiquitination and degradation [22]. Interestingly, similar to the 1Q motif
identified within CCTa, the authors identified a calmodulin binding site with a critical
tryptophan residue conserved among all TRAF family members required for FBXL2
binding. FBXLZ2 ectopic plasmid expression in a U937 monocyte cell line was sufficient to
suppress LPS-induced secretion of inflammatory cytokines, while shRNA knockdown of
FBXL2 increased inflammatory cytokine levels in the cells. These new findings have
potentially significant implications, suggesting that pharmacologic potentiation or
enhancement of the SCFFBXL2 activity might modulate TRAF function and exert a global
blunting of inflammatory activity (see Section 4.2.1), in addition to the suppression of cell
proliferation (see Section 3.1).

2.4.1. SCFFBXO3 regulation of FBXL2—Generally, components within the SCF
machine are targeted by the ubiquitin ligase anaphase-promoting complex or by auto-
ubiquitination within their own SCF complex [23,24]. In the process of identifying a
mechanism for regulation of the FBXL2 protein, Chen et al., by using a F-box protein
expression library for screening of FBXL2 degradation, discovered that another SCF E3
ligase complex, SCFFBX03  was sufficient to mediate FBXL2 ubiquitination (Fig. 2) [22].
There is limited data regarding the expression and molecular behavior of FBXQO3. The
transcripts for FBXO3 are increased during malignancy and are elevated in the synovium of
rheumatoid arthritis subjects compared to healthy subjects [25]. In leukemia FBXO3 was
shown to mediate degradation of HIPK2 and p300 components within the promyelocytic
leukemia (PML) protein complex that promotes p53 tumor suppressor gene transcriptional
activity [26].

SiRNA knockdown of FBXO3 caused accumulation of FBXL2 and predictably decreased
TRAF1-6 protein levels in lung epithelia with blunting of LPS-induced inflammatory
cytokine release in vitro. Conversely, ectopic expression of FBXO3 plasmid in cells
stimulated TRAF-mediated cytokine release in response to endotoxin [22]. These
observations provide a unique model of innate immunity in which these two F-box proteins
are counter-regulatory for inflammation by acting via TRAF protein abundance.

2.4.2. Genetic protection by a nonfunctional human FBXO3 polymorphism—
Given the association of F-box proteins with inflammation, a genetic screen of FBXO3was
performed revealing a SNP allele with a 6% frequency that is nonsynonymous, changing the
protein primary structure with a valine = isoleucine substitution at residue 221. In human
peripheral blood mononuclear cells (PBMCs), this allele was associated with decreased
SCFFBXO03 E3 |igase activity, with increased immunoreactive FBXL2 levels, decreased
TRAF levels, and decreased inflammatory cytokine release in response to LPS [22].
Accordingly, FBXL2 polyubiquitination was decreased in vitro by FBX03Y221! compared
to wild-type FBXO3 (FBXO3WT). In vivo, mice treated with lentiviral vectors containing
FBX03V221 had decreased airway inflammation in a murine pseudomonal pneumonia
model compared to FBXO3WT. When studied in a small series of clinical samples from
humans hospitalized for sepsis, those with the FBX03V221! genotype had lower levels of
inflammatory cytokines secreted in plasma compared to their wild-type counterparts [22].
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3. F-box proteins in cancer biology: how much do we know about lung

cancer?

There has been much research in the past decade validating the critical role of the UPS in
cell proliferation and, by extension, cancer pathobiology. Many proteins in the ubiquitin
pathways and the SCF family have been evaluated in the context of cancer biology, and
proteasome inhibitors represent a new class of antineoplastic agents, whose clinical utility is
now a cornerstone of cancer chemotherapy for some hematologic malignancies (see Section
4.1). A general discussion of these complex processes is well described elsewhere [27] and
beyond the scope of this review. Among the best-characterized F-box proteins in
malignancy are the cancer-promoting proteins p-Trcp a.k.a. FBXW1, and SKP2 (FBXL1)
[28]. As discussed above, B-Trcp drives inflammatory NFKB activity resulting in increased
expression of cell-activating cytokines, growth factors, and proteases, all of which can
contribute to dysregulated physiology underlying cancer proliferation and tissue invasion. p-
Trep also targets the p-catenin protein, which is critical for cell proliferation and
differentiation through the Wnt signaling pathway. Thus, loss of -catenin could impair cell
differentiation, typical of aggressive malignancies [29]. In addition, SKP2 facilitates
degradation of multiple tumor suppressor proteins including p27, Fox01, p21, and p57 and is
thus generally considered a proto-oncoprotein. FBXW?7, however, is p53 induced for
degradation of oncoprotein transcription factors (c-jun, c-Myc), and is considered a cancer-
protective F-box; mutations in FBXW?7 are associated with poor prognosis in cancer [30].

In lung cancer specifically, SKP2 has been implicated as a pro-neoplastic factor. In a small
Canadian study from 2004 [31], nonsmall cell lung cancer cell lines and primary tumor
analysis revealed significant upregulation of SKP2 in squamous cell cancers with worse
outcomes seen when both oncogenic RAS mutation and SKP2 upregulation were present.
These findings were corroborated by two Japanese clinicopathologic studies [32,33]
showing that increased SKP2 protein levels in biopsy specimens are a poor prognostic factor
associated with increased metastasis. Moreover, decreased p27 in SKP2M specimens is
robustly correlated with shorter survival.

3.1. FBXL2 as a regulator of cell proliferation and mitosis

In a new series of studies from our group, the range of FBXL?2 targets has been expanded.
As described above, FBXL2 binds the calmodulin-binding 1Q domain of multiple proteins
involved in cellular replication. For example, FBXL2 regulates proteins critical to cell cycle
progression by binding cyclin D2 and cyclin D3 proteins involved in G1/S or G2/M phase
transition, respectively; the F box protein also impacts mitotic division by regulating Aurora
B concentrations. Overexpression of FBXL2 depletes cyclin D3 and prevents unchecked cell
growth in epithelial cells [34], while it impairs cellular proliferation and induces apoptosis
by mediating destabilization of cyclin D2 in a lymphoblastic leukemia cell line [35]. FBXL2
also targets Aurora B for its degradation by recognizing an IQmotif [36]. Calmodulin
competes for the 1Q domain present on cyclinD2, cyclin D3, and Aurora B, and stabilizes
these proteins to promote cell division. When FBXL2 protein levels are increased or cal-
modulin concentrations are decreased, the cyclin proteins are degraded, causing cell cycle
arrest, and Aurora B levels are likewise depleted resulting in tetraploidy, mitotic failure, and
apoptosis of the tumorigenic cells. These studies indicate that FBXL2 is protective by acting
as a functional growth inhibitor in settings of cellular hyperproliferation as observed in
cancer.
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4. The ubiquitin proteasome system as a drug target

4.1. Nonselective proteasome inhibitors

Bortezomib is the first FDA approved drug directed toward the proteasome. This reversible
inhibitor of the 20S proteasome, causes cell cycle derangement, and is marketed by the trade
name Velcade. Bortezomib has revolutionized multiple myeloma (MM) treatment, with a
survival prolongation to greater than a decade in many cases, compared to 50% mortality at
20 months after diagnosis before routine use of novel therapies like thalidomide and
bortezomib [37,38]. In 2012, Carfilzomib became the second FDA-approved proteasome
inhibitor, and is a second line therapy for multiple myeloma and non-Hodgkins lymphoma
patients whose cancer progresses after treatment with first line therapy.

4.2. New proteasome inhibitors

Bortezomib and Carfilzomib have set the stage for proteasome inhibition as a drug target.
Many second generation proteasome inhibitors including Carfilzomib were recently
discussed [39], with each agent targeting similar processes (i.e. cell proliferation), and being
tested preclinically and in phase I and Il trials against hematologic malignancy and solid
tumors.

Other drugs that target upstream events in proteasome biology are also under development.
MLN4924 targets the NEDDS8 activating enzyme, which is necessary for function of the
cullin RING proteins [40]; ubiquitination through cullin RING ligases (including SCF E3
ligases and VWF) is therefore disabled by the drug. In vitro antitumor activity of this
compound is promising, promoting apoptosis or autophagy of these cells, and MLN4924
safety testing is now being conducted in a phase I trial.

CC0651 is the first small molecule inhibitor of an E2 ligase, with high potency and
specificity for the E2 ligase Cdc 34 [41]; this drug suppresses ubiquitination through all E3
ligases that depend on Cdc34, which includes all of the cullin RING ligases, and was
identified by assaying FBXL1 activity. Based on this high degree of overlap, CC0651 and
MLN4924 would theoretically result in similar biologic changes via different targets, and
may therefore be synergistic. Tosyl-L-Arginine Methyl Ester (TAME) was described as a
small molecule inhibitor of the anaphase promoting complex/cyclosome, a RING containing
E3 ligase (that is not among the cullin RING family) whose activity is required for
dismantling the spindle assembly check point and completion of mitotic division [42].
TAME was identified from a chemical library using high throughput screening, and prevents
depletion of cyclin B1 thereby leading to mitotic arrest in metaphase.

The next putative selective target of the ubiquitination-proteasome pathways is to target
individual subunits of the E3 ligases. Although no drugs with this activity have entered
clinical trials, there have been some recent advances in this area, which we will discuss next.

4.2.1. F-box protein specific inhibitors—The first report of an E3 ligase-targeting
drug was published in 2010, where the authors discovered SCF-12 by small molecule
interrogation of the SCFC4¢4 molecular complex for drugs that would displace the SCF from
its phosphodegron in a budding yeast system. This molecule seemed to work by allosteric
inhibition of the WDA40 B-propeller domain, making it unable to bind the substrate protein.
This molecule antagonized SCFC4c4, but not SCF complexes with related FBPs nor the
human ortholog, FBXW?7 [43].

Another important development in this arena is the development of a small molecule

inhibitor of the FBXO3 molecule that targets its c-terminal ApaG domain. This compound,
BC1215, blocks FBXO3 activity to decrease TRAFs and IL-1f production in vitro in
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PBMCs treated with LPS [22]. In vivo, BC-1215 was administered intraperitoneally in
animal models of pseudomonal pneumonia and systemic sepsis with lung injury [22].
BC-1215 treatment reduced the inflammatory phenotype and prolonged survival in mice.
This represents the first small molecule E3 ligase antagonist to display efficacy in
pulmonary and systemic inflammation. Moreover, it is the first targeted, rationally designed,
and specific inhibitor to a single F-box protein; efficacy of the drug requires validation, but
may set the stage for a new genus of anti-inflammatory drugs.

5. Conclusions

In summary, the UPS and SCF biology has proven to be a fundamental area of discovery in
recent years with many new insights into specific lung physiology, and the above discussion
leaves behind many valuable contributions. Most F-box proteins' activities are completely
unknown, so many discoveries await us in the years to come, however, it is becoming clear
that protein processing via the UPS plays a central role in most of the principle disease types
of the lungs. Along with these newly described mechanisms of pathology come significant
advances in our strategies for intervention and expansion of our arsenal of potential
therapies (Section 4). While treatment with UPS-targeting medications has thus far been
limited to hematologic malignancy, the use of E3 ligase or F-box specific drugs as anti-
inflammatory agents may become a commonplace in the next decade, especially as more
selective compounds with fewer side effects are identified. It is difficult to know at this early
stage what drugs may become important for which diseases, but as we expand our
knowledge about this captivating biology, we hope that our capacity for devising therapies
for an array of diseases will become a focused and effective enterprise.
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Fig. 1.

Schematic of the ubiquitin proteasome system and SCF E3 Ligase. Protein ubiquitination is
a regulated, multi-step process. E1 ligases are loaded with ubiquitin (Ub) in an ATP-
dependent fashion, and then transferred to E2 ligases. The same E2 ligase can bind many E3
ligases, which in turn can bind multiple target substrate proteins and coordinate Ub transfer
from the E2 ligase to the substrate. E3 ligases bind specific substrate proteins based on
substrate degron motifs usually consisting of a post-translational modification, such as
phosphorylation. Ub addition tags the substrate for sorting, lysosomal destruction, or
proteolytic cleavage and degradation by the 26S ubiquitin proteasome. Inset: the Skp1-
cullin-F box (SCF) E3 Ub ligase represents the largest family of E3 ligase enzymes, with 68
identified human F-box proteins that interchangeably bind Skpl and cullin; each F box
selectively binds degron-containing substrate proteins, and mediates ubiquitination.
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Fig. 2.

Dynamic regulation of inflammatory TRAF proteins by FBXL2 and FBXO3. TNF receptor
associated factor (TRAF) proteins have variable signaling effects and act to mediate
inflammatory cell activation when active. SCFFBXL2 binds TRAFs, facilitating their
ubiquitination under normal circumstances. In inflammatory disease, FBXO3 is upregulated,
and leads to ubiquitination of FBXL2 by SCFFBXO3 with elimination of FBXL2 by the
UPS. TRAF accumulation directly correlates with FBXO3 levels, with activation of many
inflammatory pathways. The FBXO3 inhibitor BC-1215 prevents FBXL2 degradation,
restoring TRAF disposal, and blunting inflammation.
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