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Abstract

Impaired programmed cell death is an important contributing mechanism in the development of chronic
inflammatory and autoimmune diseases. Overexpression of Bcl-2 family proteins in such diseases has led
to the concept of targeted suppression of these proteins as a primary therapeutic strategy. However,
limited success with this approach has prompted pharmacologists to look at the other side of the coin,
with the aim of reactivating jeopardized pro-apoptotic proteins that may neutralize Bcl-2 or other anti-
apoptotic molecules. In this effort, BH3-only proteins have gained recent attention as endogenous mol-
ecules for the sensitization of resistant cells to undergo apoptosis. Among the BH3-only family, Noxa
stands out as exceptional for its specificity to bind Mcl-1 and Bcl-2 and blunt their biological properties.
Noxa is now being tested as a promising therapeutic target in cancer biology. Nonetheless, its role and
clinical application still lack validation in autoimmune diseases, including rheumatic conditions. This is
partly attributed to the significant gap in our understanding of its regulatory role and how either over-
expression of Noxa or delivery of BH3 mimetics could be therapeutically exploited. In this review we
highlight some recent studies in RA, OA, SLE and SS suggesting that Noxa may be used as a potential
therapeutic target to circumvent invasive and tissue destructive processes in these rheumatic diseases.

Key words: apoptosis, Noxa, Bcl-2, Mcl-1, BH3-only proteins, rheumatoid arthritis, Sjdgren’s syndrome, osteo-
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Introduction

Abnormalities in apoptosis can be a significant compo-
nent of diseases such as cancer, autoimmune diseases,
AIDS, ischaemia and neurodegenerative diseases [1]. This
underlines the reason why the last 25 years have been
consumed in developing new therapies that target pro-
and anti-apoptotic molecules to specifically influence
this mechanism of disease pathogenesis [2]. Although
the majority of pharmacological strategies have been
aimed at curbing the invasive or tissue destruction pro-
cesses mediated by anti-apoptotic Bcl-2 family proteins,
the results obtained so far have been mixed. Within the
last few years, therapeutic approaches have dramatically
shifted to deciphering the role of pro-apoptotic Bcl-2
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family proteins to overcome the therapeutic challenges
and drug resistance. In recent years Noxa, a pro-
apoptotic molecule that belongs to the Bcl-2 family pro-
teins [3], has emerged as an exceptionally promising
therapeutic target because of its diverse roles in numer-
ous pathologic processes. Dysregulation of Noxa induc-
tion can significantly contribute to the pathogenesis of
numerous autoimmune diseases involving either an
excess or deficiency of apoptosis.

Overview of mechanisms that control
apoptosis

Programmed cell death, apoptosis, is an important biolo-
gical mechanism for maintaining tissue homeostasis sti-
mulated by either the extrinsic (death receptor) pathway or
intrinsic (mitochondrial) pathway [4, 5]. The intrinsic path-
way is controlled by the B cell lymphocytic-leukaemia
proto-oncogene (Bcl-2) family (Table 1) [2].

The Bcl-2 family has been classified into three subfami-
lies based on their function: anti-apoptotic, pro-apoptotic,
and BH3 (Bcl-2 homology 3)-only proteins [6]. The Bcl-2
anti-apoptotic proteins [Bcl-2, Bel-xL, A1 and myeloid cell
leukaemia-1 (Mcl-1)] maintain equilibrium by holding the
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TasLe 1 Classification of Bcl-2 family proteins

Multidomain BH3 only

Anti-apoptotic

Pro-apoptotic Pro-apoptotic

Bcl-2 Bax Bid
Bcl-xL Bak Bad
Mcl-1 — Noxa
— — Bim
— — PUMA

pro-apoptotic proteins in check. However, induction of
the BH3-only proteins leads to inactivation of the
anti-apoptotic proteins in order to activate the pro-apop-
totic proteins Bax and Bak [7]. The anti-apoptotic proteins
contain BH1, BH2 and BH3 domains. These three do-
mains fold into a single globular domain having a hydro-
phobic groove on its surface, to which an amphipathic o-
helix of about 24 residues (BH3 domain) can bind. This
coupling neutralizes the pro-survival protein, allowing
apoptosis to occur [8].

The BH3-only proteins are pro-apoptotic, but have only
one a-helix and possess only the BH3 domain [9]. The
BH3-only proteins consist of Bcl-xL/Bcl-2-asociated
death promoter (Bad), Bcl-2-interacting domain (Bid),
Bim, p53-upregulated modulator of apoptosis (PUMA)
and PMA-induced protein (Noxa) [7, 10]. The BH3-only
proteins vary in their affinity for the anti- or pro-apoptotic
proteins they induce or inhibit [8]. For instance, Bid, Bim
and PUMA bind to all of the anti-apoptotic proteins, while
Bad and Noxa only bind with specific anti-apoptotic pro-
teins such as Bcl-2 and Mcl-1 [8]. BH3-only proteins can
also regulate Bax and Bak activation via direct or indirect
mechanisms [8].

Pro-survival Bcl-2 proteins: BH3-only
domain proteins

The primary role of the BH3-only proteins is to act as a
sensor to inhibit anti-apoptotic proteins or to activate pro-
apoptotic proteins under physiological conditions [8]. The
BH3 proteins, Bad, Bid, Bim, PUMA and Noxa, can be
subdivided further into direct activators or sensitizers.
The direct activators, such as Bid and Bim, are dependent
on their ability to irreversibly bind to Bax or Bak, suggest-
ing they activate oligomerization at the outer mitochon-
drial membrane to induce apoptosis [11]. On the other
hand, the sensitizers, such as Bad and Noxa, neutralize
anti-apoptotic Bcl-2 family proteins to displace Bax and
Bak [11]. Noxa interacts specifically with Mcl-1 and A1
only, while Bad binds to Bcl-2 and Bcl-xL. The binding
of sensitizers facilitates displacement of the pro-apoptotic
protein, thereby liberating them to induce apoptosis
[10, 11].

Among all BH3-only domain proteins, Noxa stands out
for its highly specific binding interactions with anti-apop-
totic proteins. Compared with other BH3-only domain
proteins, such as Bim and PUMA, that can bind to all
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pro-survival Bcl-2 proteins, Noxa exhibits high selectivity
for Mcl-1, with a lesser affinity for A1 [12]. This notion is
further verified by a study testing the selectivity of Bad,
Bik, Bim, PUMA and Noxa, where all the members except
Noxa had more than one target and Noxa interacted with
only Mcl-1 [13]. The selectivity of Noxa to Mcl-1 can be
attributed to the structural affinity of critical amino acid
residues in its amphipathic a-helical BH3 domain towards
the residues in the hydrophobic groove of anti-apoptotic
Bcl-2 proteins. The binding properties of BH3-only pro-
teins are so specific that a change of two amino acids in
the entire BH3 domain of Noxa, into a mutant Noxa, leads
to a 100-fold increase in its affinity to Bel-xL [12].

Noxa: pathological role

Noxa regulates mitochondrial outer membrane permeabil-
ization by monitoring the release of cytochrome ¢ and
activating downstream effector caspases [14]. The pau-
city in Noxa expression of such proteins has been impli-
cated in the development of various tumour types and
resistance to chemotherapeutic regimens [14]. Because
of its extensive involvement in T and B cell differentiation,
Noxa seems an exceptionally promising therapeutic target
in malignant lymphomas [15]. In addition, the loss of Noxa
has been shown to accelerate y-radiation-induced thymic
lymphomagenesis [16]. Noxa is also induced via a p53-
independent pathway. In this regard, it is transcriptionally
activated in hypoxic conditions and mediates hypoxia-
inducible factor-1a (HIF-10)-dependent cell death via hyp-
oxia-responsive element (HRE) on the Noxa promoter [17].
Specifically, Noxa’s ability to displace Bak from Mcl-1 and
trigger Mcl-1 degradation makes it a viable therapeutic
target in cancer treatment [18].

Toll-like receptors (TLRs) are widely expressed in
immune cells and play a crucial role in many aspects of
the immune response. TLR3 signalling by apoptosis in
human breast cancer cells serves as a potential thera-
peutic target in clear-cell renal cell carcinoma and melan-
oma [19]. Polyinosinic-polycytidylic acid [poly(l:C)], a TLR3
ligand, can induce the expression of inflammatory cyto-
kines and type | IFN through multiple pathways [19].
Poly(l:C) can induce caspase-dependent apoptosis of
LNCaP cells while increasing the expression of p53 and
its target, Noxa [19]. Studies done in mouse lines of colon
carcinoma and myeloma cells indicate a consistent down-
regulation of Noxa expression in these cancer lines [20].
Therefore it may be beneficial for treatments of these as
well as other cancers with similar pathologies to induce
expression of Noxa. Bortezomib, a proteasome inhibitor
currently used for the treatment of multiple myeloma, in-
duces apoptosis through up-regulation of Noxa followed
by inactivation of Mcl-1 [21].

Recent studies suggest the role of Noxa in diseases
involving excess apoptosis such as HIV. Following the ini-
tial acute systemic infection, a progressive loss of CD4* T
cells occurs, primarily due to apoptosis that is regulated
via the Forkhead box transcription factor O class 3a
(FOXO3a) transcriptional activator [22]. FOXO3a has
been shown to regulate p53 by increasing its half-life
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but not its transcription [22]. When the stability of p53
increases, more activation of pro-apoptotic Bcl-2 proteins
such as PUMA and Noxa, which are overexpressed in
HIV-1-infected cells, can occur [22]. Active p53 can also
transactivate genes such as PTEN, which are found to be
up-regulated in HIV-1. PTEN, in turn, reduces the phos-
phorylation of Akt1, resulting in reduced phosphorylation
of FOXO3a. Unphosphorylated FOXO3a translocates to
the nucleus and becomes transcriptionally active, which
creates a positive feedback loop that accelerates apop-
tosis [22].

Some studies also suggest an emerging role of Noxa in
oculopharyngeal muscular dystrophy (OPMD). OPMD is
an autosomal dominant and slowly progressing disease.
Patients with the adult onset autosomal dominant form
carry a mutation in the PABPN1 gene caused by GCG
repeats that predisposes them to the aggregation of the
nuclear poly(A)-binding protein 1 (PABPN1) and cell death
[23]. In cells expressing PABPN1-A17, pro-apoptotic pro-
teins p53, PUMA and Noxa are up-regulated. This medi-
ates Bax translocation to the mitochondria, release of
cytochrome c, activation of caspase 3 and apoptosis
[23]. Blocking p53-mediated transcription using pifithrin
(@ chemical inhibitor of p53) significantly reduced
apoptosis.

Modification of Noxa expression

Studies involving the modulation of Noxa have provided
important insights into its role and function in numerous
pathological states. For instance, treatment of leukaemia
cells with the pro-apoptotic agent Gossypol has been
shown to increase Noxa levels and displace Bim from
Mcl-1, which activates the Bak/Bax pathway and triggers
the mitochondrial apoptotic pathway. Conversely, Noxa
knockdown in leukaemia cells significantly prevented
Gossypol-induced cell death by inhibiting the release of
Bim from Mcl-1 and Mcl-1s genesis [14].

Suppression of Noxa in mice has shown a significant
effect on bone mass and osteoclast survival. In one study,
Noxa-deficient mice exhibited a low bone mass pheno-
type with an increased number of osteoclasts as the result
of decreased osteoclast apoptosis [24]. Bone morpho-
metric analysis indicated an increase in osteoclast
number and eroded bone surface, which suggests that
osteoclastic bone resorption was enhanced due to an in-
crease in the osteoclast number. However, osteoblast
parameters such as the bone formation rate and osteo-
blast number remained unchanged.

Studies suggest that Noxa is regulated by oncoprotein
p53 [24]. Analysis of the osteoclast number in p53-defi-
cient mice showed an increase in bone mass due to
enhanced osteoblast differentiation despite the increased
osteoclastogenesis-supporting ability of osteoblasts [24].
Glucocorticoids play a pivotal role in the proliferation of
osteoblasts and glucocorticoid receptor activation up-
regulates the expression of p53 and its downstream
molecules p21, PUMA and Noxa, which results in
growth inhibition [25]. The discrepancy between Noxa-
and p53-deficient mice appears to suggest that Noxa
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expression is not completely dependent on p53 in osteo-
clasts. Noxa is reported to be induced by cyclic adeno-
sine monophosphate (CAMP)-responsive element binding
protein (CREB) families of transcription factors and as
RANK ligand (RANKL) activates the CaMKIV-CREB path-
way. It is therefore very tempting to postulate that CREB
may be involved in Noxa induction in osteoclasts but not
osteoblasts [24].

Noxa is transcriptionally activated in hypoxic conditions
and mediates a p53-independent pathway of hypoxic cell
death [17]. Myocyte apoptosis induced by Noxa may be
attributed in part to the release of both reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [26].
Hypoxia and oxidative stress are primary consequences
of ischaemia in cardiac myocytes and both ROS and RNS
have been suggested to be involved in cardiac ischaemic
injury through induction of intracellular Zn?* (Zn*)) release
[27]. The BH3-only proteins Bnip3 and Noxa are transcrip-
tionally induced by hypoxia through HIF-1a binding sites
in their promoters [26]. HIF-1a participates largely in the
adaptive process to hypoxia; paradoxically it also medi-
ates hypoxic cell death via interaction with p53 or modu-
lation of effector expression [17]. Inhibition of Noxa
expression by antisense (AS) oligonucleotide suppressed
cell death and reduced the infarction volumes induced by
hypoxia in an ischaemic animal model. Interestingly, sup-
pression of endogenous Noxa expression protected
against hypoxic cell death and Noxa-transfected cells
with hypoxic exposure showed significantly higher cell
death rates than non-transfected cells [17]. Noxa is the
first member of a pro-apoptotic gene regulated directly
by both HIF-1a and p53, thus connecting two major trans-
activating systems responsible for cellular response to
hypoxia.

Noxa and rheumatic disease

Rheumatoid arthritis

RA is a chronic, systemic autoimmune disease of un-
known origin that targets the joints, resulting in inflamma-
tion and in the eventual destruction of cartilage and bone
[28]. RA is characterized by inflammation and hyperplasia
of the synovium, which is the result of an imbalance be-
tween proliferation and apoptosis of resident cells, includ-
ing fibroblast-like synoviocytes (FLSs) [29]. T lymphocytes
are suspected to contribute to synovitis and joint destruc-
tion in RA through multiple mechanisms. It may be postu-
lated that in autoimmunity, chronic activation of
autoreactive T cells may be due in part to down-regulation
of Noxa, causing excessive accumulation of primed cells
and an exaggerated immune response [30]. T lymphocyte
accumulation within the synovial compartment as a result
of increased migration, proliferation in situ or inhibition of
T cell death leads to consequent failure to resolve the
synovial inflammation [31]. The phenotype of synovial T
cells suggests their susceptibility to apoptosis, however,
these cells were found to possess resistance to apoptosis
in vivo. These observations indicate that the synovial com-
partment in RA is a potent anti-apoptotic environment that
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promotes synovial T cell survival as a result of fibroblast
interactions.

The balance between survival and apoptosis in T
lymphocytes under homeostatic or inflammatory condi-
tions is tightly regulated by the expression and post-trans-
lational modification of Bcl-2 family proteins [32]. Mcl-1 is
highly up-regulated in RA, with enhanced expression in
the synovial lining and sublining of FLSs in patients with
RA. In RA-FLSs, a forced reduction of Mcl-1 expression
results in apoptotic cell death mediated in part by Bak,
suggesting that Mcl-1 is essential to FLS survival [33]. In
particular, Mcl-1 has been implicated as a potential thera-
peutic target in RA because apoptosis as a result of the
reduction of Mcl-1 has been shown to be relatively select-
ive to RA-FLSs over normal FLSs [34].

Apoptotic cell death in RA-FLSs due to the reduction of
Mcl-1 is thought to be mediated by Noxa. RA-FLSs ex-
press oncogenes as well as somatic mutations of the
tumour-suppressor gene p53. Apoptosis mediated by
p53 is attributed to transcriptional and non-transcriptional
activation of pro-apoptotic Bcl-2 members, including Bax
and Noxa [29]. Functional inactivation of p53 is known to
result from mutations within the p53 gene. The dysregu-
lated proliferation of RA-FLSs coupled with the lower rates
of apoptosis observed in RA synovial tissue indicate that
escape from p53-mediated cell cycle control may be a
factor in RA pathogenesis.

Noxa induces RA-FLS apoptosis through interaction
with Mcl-1, causing dissociation of Bim from Mcl-1 [14].
Bim is unable to induce apoptosis when it is bound to Mcl-
1, but once it is liberated from this complex it can cause
apoptosis by activation of the Bak/Bax pathway [14]. Bim
is reduced in macrophages in RA synovial tissue and its
reduction affects not only macrophage survival, but also
the state of activation. Bim-deficient mice displayed
increased activation of macrophages as compared with
the control cells [35]. Arthritic mice treated with a Bim-
BH3 mimetic peptide (TAT-BH3) displayed reduced
oedema of the ankle, markedly lower histological scores
for arthritis and fewer neutrophils and macrophages in the
joints. These findings underscore the importance of the
notion that therapeutic up-regulation of Noxa may be
beneficial in RA patients by liberating more Bim from
Mcl-1 and causing apoptosis in RA-FLSs. Additionally,
up-regulation of Noxa may be especially promising as a
therapeutic option in the treatment of RA because it may
prevent further bone damage. Noxa plays an important
role in bone homeostasis by minimizing bone loss via
enhanced apoptosis of osteoclasts in bone [24].
Decreased osteoclast apoptosis is linked to many patho-
logical conditions associated with bone loss, including
osteoporosis, RA and metastatic bone tumours [24].

Osteoarthritis

OA is a common cartilage and joint disease related to age
that causes an irregular cartilage structure characterized
by a reduction in the number of chondrocytes, loss of
extracellular matrix, synovial inflammation and irregular
proliferation and death of synoviocytes [36]. Unlike in
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RA, osteoarthritic cartilage contains a higher percentage
of cells undergoing apoptosis than normal cartilage. This
is believed to be due to the increased production of nitric
oxide (NO) by OA chondrocytes as a consequence of the
up-regulation of NO synthase (NOS) induced by IL-18,
TNF-o and other factors [36, 37]. The pathogenic involve-
ment of NO in arthritis was first demonstrated when levels
of nitrite, a stable end product of NO metabolism, were
shown to be elevated in serum and synovial fluid samples
of RA and OA patients [38]. NO is a messenger implicated
in the destruction and inflammation of joint tissues by
inducing apoptosis in chondrocytes and the inhibition of
NO synthesis has been shown to slow down cartilage de-
generation [36].

The activity of mitochondrial complexes Il and Il is
lower in OA than in normal human chondrocytes. This
produces a decrease in adenosine triphosphate (ATP)
levels as well as an increase in ROS generation [36]. In
regard to Noxa, accumulation of ROS, including NO, is
correlated with an up-regulation of Noxa [39]. It is believed
that the generation of ROS is one potential mechanism of
Noxa-induced apoptosis in OA chondrocytes. The
generation of ROS by Noxa targets mitochondria and in-
duces apoptosis through the loss of the mitochondrial
membrane potential [17]. Because the synovial membrane
is an aerobic tissue, mitochondrial integrity is likely neces-
sary for synoviocyte survival. Studies have shown that
proteins that are regulated by mitochondria, such as the
Bcl-2 family, regulate the viability of synoviocytes [36]. The
Mcl-1 and Bcl-xL proteins are down-regulated in the pres-
ence of NO [38]. Noxa binds specifically to Mcl-1, causing
displacement of Bak and the loss of mitochondrial mem-
brane potential through the release of cytochrome ¢ and
activation of downstream effector caspases [15].

In a disease state such as OA, where apoptosis is up-
regulated in affected cells, it may be useful to develop a
Noxa inhibitor to decrease the amount of NO-induced
apoptosis. In one study, cells that were transfected with
antioxidant N-acetylcysteine (NAC) showed reduced ROS
levels and protected against cell death in Noxa-
transfected cells in a concentration-dependent manner
[17]. Arecent report showed that the intra-articular admin-
istration of the pan-caspase inhibitor zZVAD-FMK into the
knees of rabbits with OA led to a significant reduction in
chondrocyte apoptosis [44]. In another study, injection of
hyaluronic acid (HA) in one knee of rabbits with OA in both
knees showed a significant decrease in both the severity
of arthritis and the production of NO [37].

Systemic lupus erythematosus

SLE is a multifactorial autoimmune disease characterized
by the presence of autoantibodies, especially against nu-
clear components. The assortments of autoantibodies
produced are broad and the consequential manifestations
of the disease are diverse [40]. The oxidative damage
mediated by ROS resulting in the defect in control of
apoptosis and delayed clearance of apoptotic cells. This
may prolong interaction between ROS and apoptotic
cell macromolecules, generating neo-epitopes that
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subsequently create a broad spectrum of autoantibody
formation leading to the tissue damage in SLE [40].
Superoxide dismutase (SOD) is a metalloprotein, con-
sidered to be the first line of defence against free radicals.
It catalyses the dismutation of superoxide radical into
oxygen and hydrogen peroxide. It has been suggested
that antibodies to SOD are potentially responsible for
increased oxidative damage in SLE patients [40].
Tolerance of self-antigens requires the deletion of autore-
active T and B cells by apoptosis. Therefore defects in
inducing apoptosis could lead to the persistence of
autoreactive T or B cells. Thus defective apoptosis leading
to prolonged survival of pathogenic lymphocytes could be
another cause of SLE [40].

Novel treatments for SLE aim to specifically target
these autoreactive lymphocytes. Bz-423, a pro-apoptotic

1,4-benzodiazepine with therapeutic properties in murine
models of lupus, has been linked to specifically inducing
apoptosis of disease-causing lymphocytes [41]. Bz-423
selectively kills splenic CD4* T cells, which is the lymphoid
subset responsible for disease in this model, by a parallel
apoptotic cascade marked by increased levels of Noxa
and Bak, leading to preferential activation of Bak [41].
Activation of Bak, as a result of Mcl-1 neutralization by
Noxa, overcomes Bcl-xL-dependent cell survival [41].

Sjogren’s syndrome

SS is a chronic organ-specific autoimmune disease char-
acterized by lymphocytic and large mononuclear cell (MNC)
infiltration into the salivary and lacrimal glands, resulting in
keratoconjunctivitis sicca and xerostomia, B cell hyperre-
activity and various serum autoantibodies [42]. SS can

Fic. 1 Schematic diagram describing the involvement of Noxa in various pathological conditions
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develop alone or in association with other autoimmune dis-
orders such as SLE and RA [43]. In primary SS (pSS) sal-
ivary glands, expression of the anti-apoptotic proteins Bcl-
2 and Bcl-xL is greater than that of pro-apoptotic proteins
[44]. Down-regulation of pro-apoptotic Noxa may also play
a role in pathogenesis. Studies with Noxa™~ mice indicate
that Noxa plays a pivotal role in the survival of memory T
cells as well as the selection of high-affinity clones in B cell
expansion [30, 45]. Knockout of Noxa in mice causes
increased diversity and survival of memory T cells as well
as B cells [30, 45]. In SS, this may allow the survival of
autoreactive T and B lymphocytes and may increase the
production of pro-inflammatory cytokines, which enhances
the ability of these immune effector cells to damage glan-
dular tissue [44].

Interestingly, it has been found that excessive apop-
tosis may also contribute to the pathogenesis of SS [44].
Overexpression of pro-apoptotic molecules in the epithe-
lial cells of submandibular glands has been recently
shown in an animal model of SS [44]. In addition, expres-
sion of Fas and CD40 was shown to be significantly higher
in SS salivary epithelial cells than in normal cells [46].
CDA40 signals promote Fas-dependent death of SS saliv-
ary epithelial cells by down-regulating cellular FLICE
(FADD-like IL-1B-converting enzyme) inhibitory protein
(c-FLIP) expression [46]. It has been suggested that
increased apoptosis in ductal and acinar epithelial cells
is the main mechanism of tissue damage in primary SS
[44]. Chronic and persistent immunologic activation ap-
pears to be involved in the induction of apoptotic cell
death in affected glandular epithelial cells [46]. In contrast,
the infiltrating MNC and autoreactive lymphocytes are
resistant to apoptosis [44].

It is well recognized that a number of autoimmune con-
ditions, including SS, predispose to the development of
lymphomas [42]. Hyperactivation of autoreactive B cells is
thought to be responsible in part for the development of
lymphomas in SS [15]. Immunohistochemical examination
of SS lymphomas has shown that the neoplastic cells are
CD20* B cells, which proliferate in the lymphoepithelial
lesions caused by primary SS, and also include infiltration
of a significant T cell population. Various cytokines and
chemokines may also be involved in the pathogenesis of
these lymphomas [42]. These interactions may allow these
cells to live cooperatively in lymphoproliferative lesions
and not undergo apoptosis.

In a study of long-term follow-up of 31 patients with
primary SS, 52% of patients showed further lymphocytic
organ damage, including lymphomas and other types
of cancers [42]. Three types of lymphoproliferative dis-
orders were seen in the SS patients that developed
lymphomas [42]. It has been reported that ~5% of pa-
tients with SS develop malignant lymphomas [42]. A sec-
ondary event, such as a mutation of p53, may transform a
low-grade B cell ymphoma into a high-grade, large B cell
lymphoma [15].

When lymphoepithelial lesions are stained with anti-Bcl-
2 antibody, a distinct expression of Bcl-2 protein can be
seen, mainly in B lymphocytes [42]. The p53 gene is
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thought to play an important role in the evolution of mono-
clonal lymphoproliferation. Partial loss of p53 tumour sup-
pressor activity is associated with the development of
low-grade lymphoma, whereas complete loss of the func-
tion is related to high-grade transformation [15]. It has
been observed in other B cell lymphomas that the induc-
tion of Noxa by ROS and activation of the p53 pathway
improves patient conditions and increases apoptosis in
affected cells by the release of Bak from Mcl-1 through
interaction with Noxa [47]. This suggests that patients with
SS may also benefit from up-regulation of Noxa by con-
trolling the dysregulation of B cell survival.

Conclusions

The studies summarized in this review provide novel in-
sights into the physiological and pathological roles of
Noxa in autoimmune diseases, including rheumatic con-
ditions (summarized in Fig. 1). Although further studies are
warranted to validate the fundamental role of Noxa in
these diseases using experimental and/or therapeutic
tools, the results from recent findings provide promise
and a rationale to target Noxa for improved therapeutic
outcomes in autoimmune diseases. While these findings
are open to interpretation, it could be suggested that the
specificity of these endogenous proteins, e.g. Mcl-1 in the
case of Noxa, may serve as a valuable tool to combat a
very aggressive battery of anti-apoptotic mechanisms in
order to achieve optimum therapeutic benefits with min-
imal adverse effects. These efforts may also be comple-
mentary in overcoming the current limitations wherein the
increased expression of Bcl-2 family members commonly
occurs and is associated with disease progression, resist-
ance to therapies and poor clinical outcomes.

In summary, these studies provide evidence for the de-
velopment of potential therapeutic strategies targeting
Noxa, among the BH3-only protein family, for the ameli-
oration of chronic rheumatic diseases. Developing a
clearer understanding by modulating the expression of
Noxa in the primary human diseased cells or using the
preclinical models of specific rheumatic conditions will
be very important in creating the foundation for designing
additional therapeutic strategies in order to achieve better
clinical outcomes.

Rheumatology key messages

e Emerging evidence suggests that Noxa plays an
important immunological role in rheumatic diseases.

o Noxa modulation in rheumatic diseases may have
the potential for rapid clinical impact.

o Noxa may be used as a potential therapeutic target
in rheumatic diseases.
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