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The revolutionary advances in cellular and molecular bio-
chemistry in the last quarter century have provided an
unprecedented opportunity for systematic approaches to
understand the cancer process. With these new advances
and the knowledge acquired as a direct result, an enormous
impact has positively affected the clinical areas of cancer
prevention, disease management, and treatment of malig-
nancy. Despite these scientific achievements, we are still faced
with the challenge of fully understanding the complex nature
of cancer, including issues of disease recurrence and drug
resistance. Therefore, dissecting biochemical pathways that
underlie the development of cancer should be given high
priority to improve knowledge of human health.

In this special issue, we will explore the various aspects
of cancer-related biochemical pathways. The papers in this
issue discuss multiple signaling pathways involved in the reg-
ulation of proliferation, senescence, and death of cancer cells.
M. K. Altman et al. demonstrated that the regulator of G-
protein signaling 5 (RGS5) is able to reduce the proliferation
of ovarian cancer cells and extend the survival of mice. The
tumor suppressor p53 plays an essential role in cell prolifera-
tion, cell cycle progression, cell death, and senescence [1, 2].
Reisman et al. reviewed the evidence that DNA-binding
factors RBP-Jκ and C/EBPβ-2 transcriptionally activate p53
to ensure a rapid cellular response to DNA damage. p53 is
also involved in complex networks of mitotic kinase signaling
in response to mitotic spindle damage to ensure the proper
cell cycle progression. G. H. Ha and E. K. Breuer discussed
a mutual regulation network between mitotic kinase and
p53 signaling. The tumor suppressor p16INK4A has shown
to be implicated in replicative senescence. Here, the role of
p16INK4A in replicative senescence and DNA damage-induced

premature senescence in the absence of p53 was reviewed
by R. Mirzayans et al. The authors also discussed a possible
existence of a negative regulatory relationship between p53
and p16INK4A. R. Jäger and H. O. Fearnhead reviewed cancer
cell proliferation and death in a different point of view. These
authors suggested that cancer cell proliferation might be
a consequence of inappropriate or corrupted tissue-repair
programs, initiated by a signal from dying cells. Mounting
evidence suggested that dissecting the biochemical process
of genetic alterations will help us understand mechanisms
underlying the genesis and spread of cancer and develop
novel strategies for targeted therapy and tailored cancer
management [3, 4]. J. L. Johnson et al. discussed the genetic
and biochemical alternations in heterogeneous cell signaling
pathways in non-small-cell lung cancer and its implications
in targeted cancer therapy. The papers also provide new
insights into the pathogenesis of cancer and therapeutic
intervention strategies. As a new therapeutic target, S.
Mohanan et al. suggested that peptidylarginine deiminases
(PADs) play an important role in cancer pathogenesis
and its inhibition may have a profound impact on the
regulation of the inflammatory tumor microenvironment
and tumor growth. To improve the efficacy of chemotherapy
in hormone-refractory prostate cancer, E. Tsakalozou et
al. investigated the combination effects of docetaxel and
doxorubicin and proposed the synergistic ratios of drug
combinations.

We believe that a better understanding of cellular bio-
chemical pathways and activities will ultimately have impor-
tant implications in the management of cancer patients.
Previous work in this area has demonstrated the power of
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translating molecular and biochemical findings to therapeu-
tics and the clinic. It is our hope that the papers in this issue
will be of great help in understanding the complex nature
of cancer and in designing and conducting preventive and
therapeutic interventions in the near future.

Eun-Kyoung Yim Breuer
Mandi M. Murph

Rolf J. Craven
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The peptidylarginine deiminases (PADs) are a family of posttranslational modification enzymes that catalyze the conversion of
positively charged protein-bound arginine and methylarginine residues to the uncharged, nonstandard amino acid citrulline. This
enzymatic activity is referred to as citrullination or, alternatively, deimination. Citrullination can significantly affect biochemical
pathways by altering the structure and function of target proteins. Five mammalian PAD family members (PADs 1–4 and 6) have
been described and show tissue-specific distribution. Recent reviews on PADs have focused on their role in autoimmune diseases.
Here, we will discuss the potential role of PADs in tumor progression and tumor-associated inflammation. In the context of cancer,
increasing clinical evidence suggests that PAD4 (and possibly PAD2) has important roles in tumor progression. The link between
PADs and cancer is strengthened by recent findings showing that treatment of cell lines and mice with PAD inhibitors significantly
suppresses tumor growth and, interestingly, inflammatory symptoms. At the molecular level, transcription factors, coregulators,
and histones are functional targets for citrullination by PADs, and citrullination of these targets can affect gene expression in
multiple tumor cell lines. Next generation isozyme-specific PAD inhibitors may have therapeutic potential to regulate both the
inflammatory tumor microenvironment and tumor cell growth.

1. Introduction

PAD-mediated citrullination can alter the tertiary structure
of target substrates and/or alter protein-protein interactions;
thus affecting various cellular processes [1, 2] (Figure 1).
Recently, protein citrullination has garnered increased atten-
tion due to its role in the pathogenesis of various inflamma-
tory conditions such as rheumatoid arthritis (RA), multiple
sclerosis, psoriasis, chronic obstructive pulmonary disease
(COPD), neurodegenerative diseases and, also, due to its
emerging role in various human and animal cancers [3–7].
In this paper, we will first briefly discuss the tissue-specificity
and hormonal regulation of the five PAD isoforms and
then focus on the potential role of this enzyme family in
carcinogenesis, tumor progression, and inflammation.

2. Tissue Expression Patterns and Substrate
Specificity of PAD Family Members

PADs are Ca2+-dependent enzymes and there are five
different isozymes in mammals, namely, PAD1, 2, 3, 4, and
6 [8, 9]. The PAD genes likely arose by duplication of the
ancestral homologue, PAD2, and are localized to a well-
organized gene cluster at 1p36.13 in humans. Interestingly,
this locus is also predicted to contain a novel, yet to be
defined, tumor suppressor protein [10]. PAD enzymes are
highly homologous, with ∼50–60 percent sequence identity
at the amino acid level. Although there is some overlap with
respect to target proteins, each family member also appears
to target a unique set of cellular proteins as well [11, 12].
Additionally, as described below, each family member also
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Figure 1: Peptidylarginine deiminase (PAD) enzymes catalyze the conversion of protein arginine residues to citrulline.

exhibits a tissue-selective distribution pattern. We note here
that, in this paper, we will be using the more commonly
utilized gene synonym, PAD, while the approved HUGO
Gene Nomenclature Committee gene names for the family
members are actually PADI1, PADI2, PADI3, PADI4, and
PADI6.

PAD1 appears to primarily be expressed in the epidermis
and uterus. In the epidermis, PAD1 citrullinated cytokeratin
and this modification is important for modulating the
cornification of the epidermis and maintaining the barrier
function of superficial keratinized epidermal cell layers.
The loss of charge following citrullination of cytokeratin
causes disassembly of the cytokeratin-filaggrin complex and
proteolytic degradation of these targets.

PAD2 is expressed in multiple organs, including the
brain, female reproductive tissues, skeletal muscle, and cells
of the hematopoietic lineage. In the brain, a major target for
PAD2 is myelin basic protein (MBP), a constituent of the
myelin sheath [13, 14]. Citrullination of MBP by PAD2 likely
plays a key role in the pathogenesis of neurodegenerative
disease [15]. PAD2 can also citrullinate the intermediate fil-
ament vimentin in macrophages [16], leading to cytoskeletal
disintegration and eventually apoptosis. In female repro-
ductive tissues, PAD2 levels appear to be regulated by
hormones, predominantly estrogen, and also possibly by
epidermal growth factor [17]. PAD2 has also been found to
be expressed in human mammary gland epithelial cells, with
a fraction of PAD2 in these cells localizing to the nucleus
and binding directly to chromatin [18]. In canine mammary
tissue, histone citrullination levels closely correlate with the
expression of PAD2 across the estrous cycle, suggesting that
PAD2 may target histones for citrullination in this tissue
[17]. In support of this prediction, a recent study has found
that PAD2-catalyzed citrullination of histone H3 arginine 26
can regulate estrogen receptor α target gene activity [19].

PAD3 expression is highly restricted to the hair follicle
and epithelium and a major target for PAD3 is trichohyaline.
Additionally PAD3 can also citrullinate filaggrin leading to
altered epidermal homeostasis and loss of barrier function
[20].

PAD4 is expressed in hematopoietic progenitor cells,
immune cells such as granulocytes, monocytes and
macrophages, natural killer cells, and carcinoma cells
originating from lung, esophagus, breast, and ovary [5, 21].
PAD4 is often localized to the nucleus and is the only

PAD family member with a canonical nuclear localization
sequence [22]. Antithrombin has been found to be an
extracellular PAD4 substrate [23] and citrullination of this
target suppresses the ability of antithrombin to inhibit
thrombin [24]. Increased thrombin activity is considered to
be a hallmark of cancer by promoting angiogenesis, increased
tumor growth, and distant metastasis. Interestingly,
citrullinated antithrombin levels are elevated in serum
samples from patients with malignant cancers, thus raising
the possibility that PADs may affect tumor progression via
citrullination of antithrombin [25].

PAD4 also appears to function as a transcriptional
coregulator for a range of factors such as p53, ELK1, p300,
p21, CIP1, nucleophosmin, and ING4 [26–30]. While the
mechanism by which PAD4 regulates target gene activity is
not entirely clear, Edman degradation and analysis using site-
specific anticitrullinated histone antibodies has found that
PAD4 can target the N-terminal tails of histones H2A, H3,
and H4 for citrullination. More specifically, PAD4 has been
found to directly citrullinate histone H4 and H2A at arginine
3, and histone H3 at arginines’ 2, 8, 17, and 26. Histone
tail citrullination has been found to promote chromatin
decondensation in vitro and in vivo [31, 32]. Thus, it seems
likely that the gene regulatory role of PAD4 is mediated by
its initial recruitment to target promoters by the relevant
transcription factor, followed by subsequent deimination of
specific residues in the N-terminal histone tails, leading to
local changes in chromatin architecture and modulation of
target gene expression (Figure 2). PAD4 is both a corepressor
and coactivator of gene transcription and also appears to
contribute to epigenetic cross-talk [33] during DNA damage
by acting in concert with histone deacetylase 2 (HDAC2)
to regulate p53 target gene activity [34]. Following DNA
damage, PAD4 and HDAC2 separate from the p53-target
gene promoters such as p21, GADD45, and PUMA, resulting
in an increased incidence of histone Lys acetylation and Arg
methylation at these sites.

PAD6 is a maternal effect gene that is specifically
expressed in oocytes and preimplantation embryos and
is essential for embryonic development beyond the 2-cell
stage [35]. To date, there has been little evidence that this
ovarian PAD isozyme is involved in cancer. Interestingly,
however, a genome-wide SNP association in Icelanders
showed a significant correlation between cutaneous-basal
cell carcinoma risk and mutations in the PAD4/PAD6 locus
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Figure 2: PAD-mediated histone tail citrullination leads to chromatin decondensation.

at 1p36 [36]. The importance of this PAD family member
in developmental biology is reviewed elsewhere [37, 38] and
will not be discussed further in this paper.

3. Hormonal Regulation of PADs

Early PAD biological studies focused mainly on the expres-
sion patterns of the different family members in reproductive
tissues and also on their catalytic activity at these sites.
Outcomes from these studies showed that anterior pituitary-
localized rat lactotroph cells express PAD2 in a sexually
dimorphic fashion, with expression confined to the female.
Additional studies showed that PADs 1, 2, and 4 are present
in uterine tissue and that protein citrullination is extensive in
the uterine epithelium in an estrus cycle-dependent manner
[39, 40]. More recently, studies have found that mouse, dog,
and human mammary glands express both PAD2 and 4 in
luminal epithelial cells [17].

3.1. Pituitary Gland and Uterus. In the female rat pituitary,
PAD enzymatic activity is highest during proestrus and
estrus when serum estrogen levels are at their peak [39, 41].
Ovariectomy of rats suppressed PAD activity in pituitary
lysates, but activity could be restored by injection of exoge-
nous estrogen. Furthermore, treatment of the pituitary-
derived MtT/S cell line with estrogen results in a dose-
dependent increase in PAD expression and activity [42].
Together, these observations suggest that estrogen directly
influences PAD expression and activity in the pituitary. Given
that estrogen primes lactotrophs for prolactin biosynthesis,
PAD enzymatic activity may play an important role in this
normal physiological process and may also promote pituitary
neoplastic growth.

Our examination of Massively Parallel Signature
Sequencing (MPSS) transcriptome data (GEO Profiles
GDS868) indicates that PADs 1, 2, and 4 expression levels
are highest in the mouse uterus as compared to the 50
other tissues examined [43]. Furthermore, analysis of cDNA
microarray data from Hewitt et al. shows that PAD1, 2, and

4 mRNA appear to be estrogen regulated [44]. In the uterus,
the distribution of these isozymes appears to be primarily
limited to glandular and luminal epithelial cells and also
displays an estrous cycle-dependent regulation pattern, with
the highest expression of these family members occurring
during estrus [45, 46]. Similar to the pituitary, PAD2 and
PAD4 expression and activity in the uterus is lost following
ovariectomy, but can be restored by injection of exogenous
estrogen, indicative of estrogen regulation [45, 46]. Given
the known mitogenic properties of estrogen in female
cancers, it is possible that estrogen-induced upregulation
of PAD expression and activity in the uterus may promote
neoplastic growth in this tissue. However, a potential role for
PADs in pituitary and uterine tumor progression has yet to
be investigated.

3.2. Mammary Gland. Protein and mRNA expression studies
in canine mammary glands collected at various stages
of the estrous cycle show that PAD2 expression initiates
during estrus, with mRNA and protein levels peaking
during diestrus. In the mouse mammary gland PAD2 and
4 expression is highest in luminal epithelial cell populations
during the estrus [17, 46]. This species-specific difference in
expression levels may reflect differences in estrous cycle stage
lengths and hormone levels between species. Ovariectomy
in mice also results in loss of PAD2 and 4 expression
in the mammary gland, thus further corroborating the
role of estrogen in PAD expression in female reproductive
tissues. Molecular studies show that treatment of MCF-
7 cells with estrogen rapidly induced the upregulation of
PAD4 and the involvement of estrogen in PAD4 expression
in mammary epithelial cells appears to be mediated by two
upstream estrogen response elements (designated ERE −125
and −126) which are bound by ERα following estrogen
treatment. Furthermore, this study showed that the ERα-
dependent increase in PAD4 expression can also be mediated
by estrogen signaling to the PAD4 proximal promoter via
cross-talk with the AP-1, Sp-1, and NF-Y transcription
factors [47].
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DAPI H4 Cit 3 Merge

Figure 3: H4cit3 immunostaining of DCIS xenograft sections. Dotted line demarcates the area adjacent to the central necrotic core of the
comedo-DCIS lesion. (Magnification 400x).

4. PAD4-Mediated Histone Tail
Citrullination: An Emerging Role for
PADs in Gene Regulation and Cancer

PAD4 has also been found to regulate estrogen receptor target
gene activity following estrogen stimulation via histone tail
citrullination [48]. Given the role of estrogen as a mitogen
in cancer cells, this observation provides a clear potential
link between PAD activity and cancer growth. In addition to
estrogen, another mitogen, EGF, has been shown to utilize
PAD4 as a cofactor to activate target gene activity. Zhang et
al. documented that treatment of MCF-7 cells with EGF leads
to PAD4-mediated citrullination of the ELK1 oncogene. This
citrullination event then facilitated subsequent phosphoryla-
tion of ELK1 by ERK1/2, which, in turn, promoted histone
acetylation and subsequent activation of a range of targets
including the immediate early gene, c-fos [30].

PAD4 has also been found to interact with the major
tumor suppressor, p53, and affect the expression of p53
target genes such as p21, OKL38, CIP1, and WAF1 [26–
30]. Interestingly, a recent study also found that citrullina-
tion levels at histone H4 arginine 3 (H4R3) are inversely
correlated with p53 protein expression and with tumor
size in nonsmall cell lung cancer tissues [32]. The authors
also demonstrated that the p53-PAD4 pathway leads to
citrullination of H4R3 and Lamin C in response to DNA
damage and nuclear fragmentation. They also found that
PAD4-mediated H4R3 citrullination appears to lead to
localized chromatin decondensation around sites of DNA
damage, thus facilitating p53-mediated cell death. In vivo
studies then demonstrated that even though PAD4-null mice
were grossly normal with regard to organ morphologies, they
appeared resistant to apoptotic stimuli and also showed a
consistent reduction in cleaved caspase-3 expression. The
authors conclude that the histone H4 citrulline 3 (H4Cit3)
modification may form a novel “apoptotic code” which

could potentially be used to detect a range of damaged
cells, including tumor cells, following treatment of patients
with cancer therapies. It is interesting to note, however, that
the PAD inhibitor Cl-amidine increases p53 levels both in
cell culture and in inflammatory cells isolated from mice
treated with this compound [29, 49]. Reconciling these two
disparate observations requires further study. In support of
a role for the H4Cit3 modification in marking apoptotic
tumor cells, recent immunofluorescence studies in our lab
found that citrullination at H4R3 was very robust within the
nucleus of epithelial cells undergoing morphological changes
associated with various stages of apoptosis in comedo-
DCIS xenograft sections (Figure 3). These xenografts were
generated from MCF10DCIS cell line which belongs to the
group of MCF10AT tumor progression series of cell lines
[50, 51].

From a more clinical perspective, recent immunohisto-
chemical and western blot studies have found that PAD4
appears to be overexpressed in several types of invasive
carcinomas [5, 52, 53]. Outcomes from these studies found
that PAD4 expression and, frequently activity, was elevated in
neoplastic cells from breast carcinomas, lung adenocarcino-
mas, hepatocellular carcinomas, esophageal carcinomas with
squamous differentiation, colorectal adenocarcinomas, renal
carcinomas, ovarian adenocarcinomas, uterine carcinomas,
uterine adenocarcinomas, and bladder carcinomas [52].
However, PAD4 expression was absent or minimal in the
following tumors: benign gastric and uterine leiomyomas,
hyperplastic conditions of endometrium, cervical polyps,
teratomas, hydatidiform moles, hemangiomas, lymphatic
proliferative conditions, schwannomas, and neurofibromas
[5]. Consistent with the PAD4 protein expression pattern in
carcinomas, the same patients also had elevated serum PAD4
activity and citrullinated antithrombin levels. Taken together,
these observations support the potential use of this enzyme
as a clinical prognostic biomarker.
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Figure 4: PAD2 IHC staining of the normal human mammary gland, a DCIS lesion, and invasive carcinomas. Nuclear staining intensity is
reduced in most invasive tumors while a subset of these tumors retains strong PAD2 staining. (Magnification 200x).

DCIS Invasive Metastatic

Figure 5: PAD2 (green) is expressed in luminal epithelial cells of preinvasive, invasive, and metastatic human mammary tumors. Cytokeratin
(red) staining differentiates luminal epithelial type from myoepithelial cells. (Magnification 400x).
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Figure 6: PAD inhibitors and their selectivity (TDFA-Threonine-aspartate-F-amidine; TDCA-Threonine-aspartate-Cl-amidine).

5. PAD2 and Cancer Pathogenesis

Given the volume of recent literature linking PAD4 with
gene regulation in cancer cells, a role for this family member
in tumor progression seems likely. Comparative studies
evaluating PAD2 expression in mammary carcinomas from
humans, dogs, and cats show that the nuclear localization
of PAD2 may also prove to be associated with tumor
progression. Normal human, canine, and feline mammary
tissue shows strong nuclear and cytoplasmic PAD2 staining,
but as tumors progress there is a general reduction in the
nuclear localization of PAD2 (Figures 4 and 5) [54]. In the

mammary gland, PAD2 expression is specific to cytokeratin
positive luminal type epithelial cells (Figure 5). Thus, the loss
of nuclear PAD2 may result in alterations in gene expression
that lead to neoplastic transformation. It is interesting to note
that a subset of invasive breast carcinomas tend to retain
strong cytoplasmic and nuclear expression of PAD2. Further
characterization of this subclass of tumors with regard to
function of PAD2 is warranted as isozyme specific PAD
inhibitors may be of use in combinatorial therapies to treat
such tumor types.

Given these new findings, and PAD4’s documented role
in cancer biology, it will be interesting to determine whether
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Figure 7: Potential role of PAD enzymes in cancer pathogenesis.

PAD2 and PAD4 may function in a synergistic manner
to promote tumor progression. The observation that both
PAD2 and PAD4 expression appears to be regulated at some
level by estrogen, suggests that these two PADs may work
together to mediate the estrogen response. The observations
that PAD2 expression in mammary epithelial cells is induced
by EGF [17], and that PAD4 regulates EGF-induced ELK1
target gene activation, suggests that PAD2 and PAD4 may
also cooperate to mediate EGFR signaling [30].

6. PAD Inhibitors Block Cancer Progression

In further support of a role for PADs in tumor growth,
several recent reports have also shown that treatment of
cancer cell lines with PAD inhibitors decreases cancer cell
viability without affecting the growth of normal cells [55].
Cl-amidine [56], and the related PAD4 inhibitor, F-amidine
[57], display low micromolar cytotoxicity towards various
tumor cell lines such as U2OS cells, HL-60, HT-29, and
MCF-7 [29, 55, 58]. These compounds also can induce the
differentiation of HL-60 cells, a leukemic cell line, making
these cells more susceptible to drug treatments [55]. Cl-
amidine can also act synergistically with the anticancer drug
doxorubicin, thus enhancing the efficiency of cell death fol-
lowing a simultaneous treatment with these two compounds.
In tumor, cell lines such as MCF-7 cells, Cl-amidine also
regulates the expression of the tumor suppressor protein
OKL38 in a p53-dependent manner by decreasing histone
citrullination at the OKL38 promoter [28, 29].

A recent study, using a Cl-amidine derivative with
increased cell permeability, YW3-56 (Figure 6), found that

this drug significantly suppressed cancer cell growth and
also reduced tumor size in mouse xenograft models of
sarcoma [59]. Furthermore, this compound affected the
expression of genes related to cell proliferation and cell
death and was also found to regulate macro-autophagy in
cancer cells. Mechanistically, the authors discovered that the
drug likely targeted factors within the mTORC1 pathway
for inhibition. These studies, as well as the demonstration
that PAD inhibitors are well tolerated in multiple different
mouse disease models [49, 60], underscores the potential of
PAD inhibitors as novel epigenetic anticancer drugs. Given
that Cl-amidine, F-amidine, and YW3-56 display limited
selectivity (Figure 6), it is unclear whether the inhibition
of one or more PADs is required for the in vivo effects of
these compounds. The development of new, more selective
compounds, such as the PAD4 selective inhibitor TDFA and
the PAD1 selective inhibitor o-F-amidine (Figure 6), will
undoubtedly prove to be useful for sorting this issue out.

7. PAD-Mediated Citrullination: Linking
Inflammation with Cancer Progression?

7.1. Role of Inflammation in Cancer Progression. Chronic
inflammation is involved in the progression and recur-
rence of many types of cancer, including breast cancer.
Epidemiological studies have documented that high levels of
circulating acute phase inflammation-associated proteins at
3 years after-treatment are associated with an elevated risk
for subsequent tumor recurrence and mortality in women
[61]. Several studies have also demonstrated direct links
between circulating inflammatory markers and progression
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to metastatic breast cancer [62–66]. Additionally, proin-
flammatory cytokines are well known for promoting tumor
growth and facilitating metastasis by altering the tumor
cell phenotype and by regulating stromal cells (endothelial
cells, tumor-associated macrophages, and fibroblasts) within
the tumor microenvironment. Furthermore, infiltrating
immune cells within the tumor itself can promote tumori-
genesis [67]. These findings suggest that the mechanisms
by which inflammation in the tumor microenvironment
drives metastasis is both intimately linked and fundamentally
different to the primary mechanisms driving carcinogenesis
[68].

7.2. Role of PADs in Inflammation. As noted earlier, numer-
ous studies have documented increased protein citrullination
within inflamed tissues from patients with autoimmune
diseases such as rheumatoid arthritis and colitis [3, 4, 69].
More recently, these inflammatory symptoms have been
shown to be suppressed by the PAD inhibitor, Cl-amidine,
in mouse models of colitis and RA [49]. Another emerging
link between PADs and inflammation is the newly defined
role for PAD4 in catalyzing histone hypercitrullination
during Neutrophil Extracellular Trap (NET) formation in
inflamed tissues. A number of recent reports have shown
that, following activation, peripheral blood neutrophils
form a highly decondensed chromatin structure that both
captures and kills invading pathogens [70–72]. Mechanisti-
cally, PAD4 was found to catalyze this dramatic chromatin
decondensation event via histone tail hypercitrullination
[73]. Analysis of this process at the ultrastructural level by
electron microscopy showed that, following PAD4 activation
in HL60 granulocytes, these cells show a dramatic and rapid
conversion of multilobular heterochromatic nuclei to a more
round euchromatic nuclear architecture, suggesting a direct
role for PADs in heterochromatic-euchromatic interchange
[31]. These new findings indicate that PAD4 can mediate
chromatin structure change both at the local and genome-
wide level.

Citrullination of vimentin is correlated with the prolif-
eration of fibroblast-like synoviocytes (following isolation
from patients with rheumatoid arthritis) and also stimulates
TNF-α and IL-1 production in these cells [74]. Given the
links between vimentin citrullination, inflammation, and cell
proliferation, and given how important cytoskeletal integrity
is for cell motility, we hypothesize that citrullination of
vimentin by PAD enzymes may also affect tumor cell migra-
tion and promote an inflammatory microenvironment.
Additionally, given that PAD2 can regulate cytokine signaling
in macrophages via citrullination of IKKγ (thus suppress-
ing NF-kB activity) [75], we predict that PAD-mediated
regulation of macrophage activity could also potentially
affect cross-talk between tumor-associated macrophages and
cancer cells.

While PAD activity has primarily been found to regulate
autoimmune-mediated inflammatory events, recent studies
suggest that PAD-mediated citrullination is also elevated
in a variety of inflammatory states which lack a strong
autoimmune component, such as COPD and myositis [76–
78]. Perhaps the best demonstration that PAD-mediated

citrullination can facilitate nonautoimmune or microbial-
induced inflammatory events is the recent finding that PAD
activity is strongly upregulated in inflamed tissue following a
sterile skin punch biopsy procedure in mice [79]. Thus, it can
be inferred that PAD-mediated citrullination plays a critical
and fundamental role in inflammatory events induced by a
range of pathologies, both infectious and noninfectious.

7.3. Role of PADs in Chemokine Signaling. PAD2 and PAD4
are highly expressed in peripheral blood mononuclear cells
such as NK cells, T cells, B cells, and monocytes [16]
and, thus, are likely to be the main PAD “players” in
chemokine signaling. Chemokines are important for the
proper recruitment of leukocytes to the site of inflamma-
tion. The chemokine-receptor system can be dramatically
modified in neoplasms, especially at the invasive edges,
and can act as a proangiogenic and a prodesmoplastic
mediator. Several chemokines, including CXCL1, 2, and 8
have been found to exert effects on tumor cell growth.
The CXC group of chemokines, with the tripeptide (Glu-
Leu-Arg/ELR) at the amino-terminus of the CXC motif
(ELR+), is proangiogenic and stimulates cell migration
and proliferation. The capacity of chemokines to activate
or repress biological pathways depends, in part, upon
posttranslational modifications such as glycosylation and
on proteolytic processing of the chemokine’s N- or C-
terminus [80]. Importantly, PADs have recently been found
to citrullinate CXCL5, CXCL8, CCL17, and CCL26 [81], thus
directly modulating the inflammatory milieu. Furthermore,
chemokine citrullination does not appear to be a rare event
in vivo, as, for example, CXCL8 was found to be citrullinated
at arginine 5 in 14% of all blood leukocyte derived CXCL8
[81]. While the role of citrullinated chemokines in the
inflammatory process is currently coming to light, their effect
in cancer progression has yet to be investigated. However,
given the strong links between inflammation and cancer
progression, these observations support the hypothesis that
PAD activity may play an important role in regulating the
inflammatory milieu of the cancer microenvironment.

8. Conclusions

Protein citrullination is emerging as a critical posttransla-
tional modification in developmental biology, inflammation,
and cancer pathogenesis. With respect to cancer, PAD
enzymes are now being identified as important potential
players in tumor progression that both regulate transcrip-
tional activity and modulate the inflammatory microenvi-
ronment via cytokine citrullination. The major likely roles
of PADs in cancer pathogenesis are summarized in Figure 7.
Given these emerging links between PADs and cancer biol-
ogy, a better understanding of the upstream mechanisms that
induce PAD expression, and the downstream mechanisms
by which PADs regulate gene expression and inflammatory
events will likely advance our understanding of tumor
biology. Furthermore, the upregulation of specific PAD
isozymes and activity at critical points of tumor progression
raises the possibility that these enzymes, and their resulting
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posttranslational modifications, can function as novel cancer
biomarkers. Lastly, the observations that (1) PAD inhibitors
reduce inflammatory symptoms in mouse models of disease,
(2) the link between PADs, inflammation, and cancer
is currently unfolding, and (3) next generation isozyme-
specific PAD inhibitors are currently being developed, raise
the possibility that the use of PAD inhibitors in preclinical
and clinical cancer therapies may soon be realized.
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Despite significant advances in the detection and treatment of lung cancer, it causes the highest number of cancer-related mortality.
Recent advances in the detection of genetic alterations in patient samples along with physiologically relevant animal models has
yielded a new understanding of the molecular etiology of lung cancer. This has facilitated the development of potent and specific
targeted therapies, based on the genetic and biochemical alterations present in the tumor, especially non-small-cell lung cancer
(NSCLC). It is now clear that heterogeneous cell signaling pathways are disrupted to promote NSCLC, including mutations in
critical growth regulatory proteins (K-Ras, EGFR, B-RAF, MEK-1, HER2, MET, EML-4-ALK, KIF5B-RET, and NKX2.1) and
inactivation of growth inhibitory pathways (TP53, PTEN, p16, and LKB-1). How these pathways differ between smokers and
non-smokers is also important for clinical treatment strategies and development of targeted therapies. This paper describes these
molecular targets in NSCLC, and describes the biological significance of each mutation and their potential to act as a therapeutic
target.

1. Introduction

Lung cancer is the leading cause of cancer-related mor-
tality, annually resulting in more than one million deaths
worldwide. In the United States itself, there would have
been 222,000 new cases of lung cancer diagnosed in 2010,
with about 157,000 deaths [1]. Death from cancers of the
lung and the respiratory system would exceed the number
of deaths from cancers of breast, colon, pancreas, and the
prostate combined. Lung cancer is the leading cancer site
in males, comprising 17% of the total new cancer cases and
23% of the total cancer deaths worldwide [1, 2]. Non-small
cell lung cancer (NSCLC) accounts for about 80% of all
lung cancer cases and is strongly correlated with smoking
habits. Small cell lung cancer is almost exclusively diagnosed
in smokers, with about 90% of the patients being smokers
or former smokers [3]. Despite the strong linkages between
smoking and lung cancer, approximately 30% of smokers
with lung cancer continue to smoke following their diagnosis
[4]. Further, as patients recover from treatment, adapt to

a cancer diagnosis, and receive less frequent followup,
smoking relapse may become more pronounced [5].

Although smoking is the major risk factor for lung
cancer, about 25% of lung cancers occur in never smokers [3]
and NSCLC in nonsmokers causes more mortality worldwide
than pancreatic and prostate cancers combined [3, 6]. This
combined with the fact that only 10–20% of smokers are
affected by NSCLC suggest that genetic susceptibility and
environmental factors also contribute to the risk of NSCLC.
Studies in the past decade have identified different molecular
signatures associated with lung cancer in smokers and never
smokers; these include differential expression of genes as well
as mutations in different genes [3, 7, 8]. The etiology of
lung cancer in smokers and nonsmokers is also different,
with women comprising a larger proportion of lung cancer
among nonsmokers [9, 10]. The histology and location of
cancer also show differences in smokers and nonsmokers,
with adenocarcinoma being the most prevalent histology in
nonsmokers; both adenocarcinomas and squamous-cell car-
cinomas are widespread in smokers. In addition, the entire
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spectrum of nonsmall cell histological subtypes can be found
in lung cancers from smokers [11, 12].

At the molecular level, non-small cell lung cancer in
never smokers are more likely to have mutations in epidermal
growth factor receptor (EGFR) tyrosine kinase and patients
harboring EGFR mutations show good response to its
inhibitors compared to patients with tobacco-associated lung
cancer [13, 14]. Mutations in KRAS and TP53 are more com-
mon among lung cancer in smokers, along with alterations
in additional growth promoting pathways [15]. Treatment
options vary for NSCLC in smokers and nonsmokers, and
it can be imagined that further characterization of genetic
alterations in NSCLC will lead to the development of novel
therapeutic options to treat this disease. To this end, major
discoveries from next generation sequence analyses have
provided a high-resolution glimpse into the complexities
of NSCLC genomes. Clinically detectable lung tumors have
been shown to harbor frequent genetic and epigenetic aber-
rations (>20 per tumor) [16]. Such analysis has identified
gene fusions including echinoderm microtubule-associated
protein-like 4-anaplastic lymphoma kinase (EML4-ALK)
[17–20] and more recently in the kinesin family 5B (KIF5B-
Ret) proto-oncogene [21–23]. These fusions represent novel
drivers of NSCLC, and exciting new therapeutic targets. This
paper highlights the most common genetic and molecular
alterations in NSCLC in addition to newly identified lung
cancer mutations.

2. Activation of Growth-Promoting
Signaling Pathways

2.1. K-RAS. Lung tumors in humans are characterized by
their histological types and are assigned as either small-cell
lung cancers or non-small-cell lung cancers (NSCLC) [24].
Accounting for nearly 87% of total lung cancers, NSCLC
are further distinguished into three subtypes: squamous-
cell carcinoma, large-cell carcinoma, and adenocarcinoma,
where adenocarcinoma has the highest clinical presentation,
accounting for nearly 50% of lung cancers diagnosed [25].
In 30% of adenocarcinomas, mutation of the KRAS proto-
oncogene is the driving force behind oncogenic transfor-
mation, and similar mutations are found to a lesser extent
(about 5%) in the squamous-cell carcinoma subtype [25].
In addition, mutation of KRAS is more prevalent in patients
who are current or former smokers (25%) than never
smokers (6%) [26].

The RAS family was originally identified, like many
other oncogenes, by studies conducted on cancer-initiating
retroviruses. The Harvey (HMSV) and Kirsten (KMSV)
murine sarcoma RNA tumor viruses, named HRAS and
KRAS after their respective discoverers, were shown to
induce sarcoma and erythroleukemia in rats in the 1960s
[27–29]. In the early 1980s, similar genes were identified
by several groups, who isolated the human ortholog of
these transforming genes from various human cancer cell
lines [30–34]. Another RAS family member was identified
from a human neuroblastoma cell line, neuroblastoma RAS
(NRAS), and is also mutated in various human cancers [35,
36]. Since the discovery of these prominent RAS oncogenes,

nearly 150 human family members in the RAS superfamily
have been identified with evolutionarily conserved orthologs
in Drosophila, S. cerevisiae, C. Elegans, S. pombe, and plants
[37, 38].

The three human RAS genes encode four highly homol-
ogous proteins, where KRAS4A and KRAS4B result from
alternate splicing mechanisms, and differ only in their 25
C-terminal residues [39, 40]. Functionally, Ras proteins are
guanosine diphosphate (GDP) and guanosine triphosphate
(GTP) regulated switches, whereas in a normal quiescent cell,
Ras is GDP bound, and hence inactive [41]. Upon growth
factor engagement to receptors at the cell surface, guanine
nucleotide exchange factors (e.g., Son of Sevenless, SoS)
stimulate the formation of Ras-GTP [29]. This form of Ras
can then bind to a plethora of downstream effector targets,
including well-studied Raf kinases and mitogen-activated
protein kinases (MAPK) and phosphoinositide 3-kinases
(PI3 K), and transmit these extracellular cues to regulate
cell growth, motility, differentiation, senescence, or even cell
death [42]. After the signal is transmitted, Ras-GAPs, or
GTPase activating proteins (e.g., NF1, neurofibromin), cat-
alyze GTP hydrolysis and the formation back to the inactive
form, Ras-GDP [41, 43]. In addition to regulation by Ras-
GEFs and Ras-GAPs, Ras proteins are tethered to the plasma
membrane by farnesyl moities that are posttranslationally
added in their c-termini by Farnesyltransferases [44]. This
association with the plasma membrane through farnesyl
modification is crucial for eliciting downstream signals, and
has therefore been exploited as an effective drug target for
sequestering Ras-mediated signaling in vitro, in vivo, and
more recently in clinical trials [45–48].

Ras mutations found in human cancers generate mutated
proteins which have single amino acid substitutions at codon
G12, G13, or Q61 [49, 50]. These mutations render Ras
proteins GDP insensitive, which leads to constitutive activa-
tion of downstream effectors [51]. In lung cancer specifically,
mutations are found in G12 and G13, but whether these
mutations correlate with disparities in prognosis, metastasis,
and survival is unclear [52, 53]. Since no available drugs
block KRAS directly, efforts have been made to evaluate
other potential targets of the RAS pathway that function
downstream [54]. To this end, the weak RAF inhibitor,
Sorafenib, was used in the BATTLE trial with modest efficacy,
with the no progression rate at eight weeks being 46% [55].

To characterize a phenotype for somatic KRAS gene
mutations in vivo, Tyler Jacks’ lab created a murine model
of spontaneous onset lung cancer by utilizing a variation
of “hit and run” gene targeting of the mutant Ras allele
commonly found in humans, G12D [56]. In this model,
100% of mice developed multifocal lung nodules, and had
a median survival of 200 days compared to over 800 days for
wild-type control littermates [56]. In the same study, mice
harboring nullizygous mutation for the tumor suppressor
TP53 in the G12D background developed more aggressive
lung tumors resulting in further reduction in mean survival,
in addition to a broad spectrum of tumors in other organs
[56].

Further studies determined an NF-κB-dependent mech-
anism that caused aggressive tumor formation in these
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RasG12D mutant, TP53 nullizygous mouse models of lung
adenocarcinoma [57]. When cell lines were derived from
these tumors, NF-κB p65 DNA binding activity was signif-
icantly higher in mice with mutant TP53 when compared to
wild-type controls. In addition, nuclear p65 was higher in
the TP53 mutant cells both in vitro and in vivo. Interestingly,
knockdown of p65, but not the related protein c-Rel, led to
reduced cell viability, cleavage of caspase-3, and induction
of apoptosis, demonstrating that the p65-dependent NF-
κB signaling pathways are required for survival of cell
lines derived from these mouse models of NSCLC. These
data compliment the observation that NF-κB signaling is
important for chemically induced models of lung cancer as
well [58].

One strategy for targeting KRAS-driven lung cancer is
to determine crucial downstream signaling cascades that,
when inhibited, cause cell death in the presence of the
driver mutation, but not the presence of a wild-type allele.
In this vein, meta-analysis of RNAi screens have collec-
tively identified through “Hairpin analysis” and RNAi gene
enrichment ranking (RIGER) 45 possible KRAS synthetic
lethal interactions, with TBK1 being the most significant
[59]. Interestingly, TBK1 is a noncanonical IκB kinase that
activates NF-κB antiapoptotic signals involving c-Rel and
BCL-XL to promote cell survival. Inhibiting TBK1 induces
apoptosis exclusively in cell lines that require KRAS [59].

Using the same KRasG12D mouse model, the Barbacid
lab has validated another synthetic lethal interaction between
RasG12D mutation and cyclin-dependent kinase-4 (CDK4)
ablation, demonstrating the requirement for nonredundant,
interphase CDK4 in triggering oncogenesis in a RasG12D
mutant mouse [60]. CDK4 ablation caused an immediate
senescence response in the lungs of RasG12D animals,
though not with CDK2 or CDK6. Further, in advanced stage
tumors, cre-mediated ablation of CDK4 induced senescence
as well, suggesting that targeting CDK4 in already developed
tumors could be an effective therapeutic strategy. When a
selective CDK2 and CDK4 inhibitor, PD0332991, was tested
in mice with already established tumors detected by CT
there was a significant decrease from 25-fold in the vehicle
treated mice to 6-fold in the PD0332991-treated group [60];
however there was no onset of senescence, and tumor burden
did not regress, but rather increased minimally. These results
suggest that induction of a senescence response must require
a strong, prolonged inhibition of Cdk4 activity, which
was probably not achieved with the PD0332991 inhibitor.
Proving that senescence could not be used as a marker for
clinical efficacy of this inhibitor, this study gives application
to the development of novel, more robust CDK4 inhibitors.

One of the most prevalent pathways affected by onco-
genic mutations in cancers is the RAS/RAF/MEK/ERK
signaling cascade, and NSCLC is no exception [61]. Although
perturbation can occur at multiple nodes as a result of an
initial KRasG12D mutation, recent studies have elegantly
illustrated how each individual member of this cascade is
crucial for the onset of NSCLC [62]. Firstly, although single
elimination of ERK1 or ERK2 has no effect on survival,
simultaneously deleting both alleles increased survival by
40%. Similar results were observed upon single deletion of

either Mek1 or Mek2, where both are dispensable for tumor
development, but combined deletion of both results in nearly
100% increase in survival. This calls into question whether
the 2 out of 207 primary lung tumors with single-somatic
activating-point mutations in MEK1 were merely correlative,
rather than causative events, or whether the animal model of
NSCLC is an accurate representation of the human disease
[63].

It has been shown that the retinoblastoma tumor sup-
pressor gene, RB, itself is rarely mutated in NSCLC [64,
65], but is widely altered in SCLC [66]. At the same time,
Rb protein is inactivated in a high percentage of NSCLC
through the inactivation of the p16INK4 gene, which results
in elevated cyclin dependent kinase activity, as described in
a later section. It is well established that phosphorylation
of the Rb protein by cdks associated with D- and E-type
cyclins leads to its inactivation, facilitating S-phase entry
and cell-cycle progression [67]. Studies from our lab had
shown a more direct link between the Ras-Raf-MAP kinase
cascade and Rb inactivation. Our studies had shown that
the kinase C-Raf (Raf-1) physically interacts with Rb early
in the cell cycle, facilitating its complete inactivation by
cyclin-dependent kinases [68, 69]. Interestingly, the amount
of Raf-1 associated with Rb was elevated in NSCLC tumors
compared to adjacent normal tissue [70], suggesting that
the enhanced interaction of C-Raf with Rb might have
contributed to oncogenic process. Further, disruption of
the Rb-Raf-1 interaction using an eight-amino-acid peptide
[69] or a small molecule disruptor [71] inhibited the
growth of NSCLC tumors in xenograft models, suggesting
that disrupting the Rb-Raf-1 interaction might be a viable
strategy to combat NSCLC, especially those harboring K-Ras
mutations [72, 73]. The necessity of inactivating Rb for K-
Ras to initiate NSCLC was further demonstrated in elegant
mouse models from the Sage lab [74].

Finally, the loss of B-RAF had no effect on tumori-
genesis, where pERK levels remained unchanged despite
the mutation, however loss of C-RAF resulted in an 83%
increase in survival. This increase was a consequence of
a reduced number of tumors [62]. Taken together, these
studies highlight two main pathways working to promote
tumorigenesis of KRAS-driven lung tumors in mice: the
NFκB pathway and the MAPK cascade. Whether these
pathways are equally critical to human tumor initiation and
progression remains less clear.

2.2. EGFR. Whereas normal cells utilize stringent regulatory
programs for receptor tyrosine kinase (RTK) functions,
mutation and deregulated expression of RTKs is a common
event in many cancer subtypes, including NSCLC. The
epidermal growth factor receptor (EGFR) is a member of the
ERBB receptor family, and is composed of a ligand binding
domain on the extracellular surface and an intracellular
domain that contains the tyrosine kinase motif. EGFR can
be activated by a variety of extracellular cues, including
epidermal growth factor, TGF-α, and Amphiregulin [75].
Once ligand binding is engaged, the formation of homo-
and heterodimers occurs, resulting in transphosphorylation
and activation of the receptors. The phosphorylation of
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these receptors creates a prime docking site for intracellular
adaptor proteins and kinases to elicit further downstream
signals.

EGFR deregulation is common in a variety of tumor
subtypes, including NSCLC, where protein overexpression
is observed in up to 62% [76–78]. In addition to protein
overexpression, EGFR is commonly somatically mutated in
close to 40% of adenocarcinomas and 30% of adenosqua-
mous NSCLC (mutations occurring ∼50% of nonsmokers
and 5–15% smokers) [79–81]. Kinase domain mutations
are generally activating mutations leading to a ligand-
independent activation of tyrosine kinase (TK) activity. The
activating mutations of the EGFR gene are found in the first
four exons (18–21) of the TK domain [78, 82, 83]. These
mutations are classified into three classes, with majority of
EGFR-TKI sensitizing mutations falling into class 1 and 2.
Class 1 mutations are in frame deletions in exon 19 and
account for about 44% of all EGFR TK mutations. Class
2 mutations are single nucleotide substitutions that result
in amino acid alteration. Most predominant in this class of
mutation is in exon 21, which substitutes an arginine for a
leucine at codon 858 (L858R), and this mutation accounts for
about 41% of all EGFR TK-activating mutations [82]. Class
3 mutations are in frame duplications or insertions in exon
20 and account for 5% of all EGFR TK-activating mutations.

In addition to the above mutations, deletions in exon 19
and L858R mutations constitute 90% of all EGFR-activating
mutations and are termed classical activating mutations [78].
Classical EGFR mutations occur preferentially in specific
subsets, such as patients with adenocarcinoma histology,
never smokers, those with East Asian ethnicity, and female
patients. In a recent study by Shigematsu et al., 45% of never
smokers had EGFR mutations, whereas only 7% of smokers
had EGFR mutation [84]. The high frequency of EGFR
mutations in never smokers is consistent across different
ethnic and geographic groups.

Since EGFR is one of the most frequently deregulated
genes in NSCLC, it became one of the first rationally selected
molecules for targeted therapy. Initial efforts were used
to block the ligand-receptor interaction with monoclonal
antibodies, however new small molecules that target the
TK activity of EGFR (gefitinib and erlotinib) have had
remarkable efficacy in NSCLC patients with mutations in the
EGFR gene [77, 85]. Unfortunately, lung cancers with drug
sensitive EGFR mutations that initially respond to gefitinib
or erlotinib eventually develop acquired resistance from
between six months to two years later [86]. Approximately
50% of NSCLC patients who respond initially to reversible
first generation EGFR TKIs, eventually develop resistance
by aquiring a second recurrent missense mutation in the
EGFR kinase domain. The most common (>90%) mutation
involves a substitution of methionine for threonine at
position 790 (T790 M) in exon 20 [87, 88]. The bulkier
methionine residue at position 790 sterically hinders the
interaction with inhibitor, effectively preventing binding to
the EGFR kinase domain while preserving catalytic activity
and hence termed as gatekeeper mutation. A similar “gate-
keeper” mutation (T315I) in the BCR-ABL fusion kinase
in chronic myelogenous leukemia cancer cells renders these

leukemias resistant to the ABL kinase inhibitors gleevec and
dasatinib, suggesting a conserved mechanism of resistance to
TKIs [89]. However, the T790 M mutation may also occur
prior to treatment with erlotinib or gefitinib and therefore,
may contribute to primary resistance [90]. Several other
EGFR mutations can also confer resistance to first generation
TKIs such as D761Y and T854A [88, 91]. Interesting data also
points to the possibility of additional EGFR family members
such as HER2 and EGFR3 as candidates for TKI sensitivity
[92, 93]. Adding to the complexity, KRAS mutations seem
to grant resistance to TKIs [94]. Overall, adding erlotinib to
chemotherapy does not appear to improve the survival for
patients with mutations in EGFR [95, 96].

In order to study the effects of the most common EGFR
mutations in vivo, Politi et al. created doxycylcine inducible,
transgenic mice that expressed an exon 19 deletion mutant
or the L858R mutant in type II pneumocytes [97]. Not
surprisingly, both models could recapitulate the human
lung adenocarcinoma development, and were responsive
to dox removal, or treatment with erlotinib. Additional
studies revealed an EGFR-protein network in the plasma
of these mice that included a 21-protein-network signature
[98]. These networks included the TGF-β pathway, NF-κB
pathway, and the EGFR pathway. Further, the plasma EGFR
mouse model network contained proteins that bind EGFR
directly (Met, Cd44, Cdh1, Ndn, Sh3bgrl, and Rin1) and
proteins that interact indirectly [98].

2.3. EML4-ALK. Anaplastic lymphoma kinase (ALK) is a
receptor tyrosine kinase that is frequently involved in gene
fusions in hematological disorders. ALK is normally not
expressed in the lung [99], however fusion of ALK with
upstream partner, the N-terminal echinoderm microtubule-
associated protein-like 4 (EML4), have been found in 3%
to 13% of NSCLC [17–20]. There are multiple EML4-
ALK variants identified in lung cancer that contain variable
truncations of EML4 (at exons 2, 6, 13, 14, 15, 18, and
20) fused to the kinase gene ALK beginning at exon 20
[17]. Functionally, these fusions result in protein oligomer-
ization and constitutive activation of the kinase or elevated
expression. Further, when overexpressed in vitro, these fusion
proteins have gain of function characteristics [19, 20]. The
EML4 gene is nearly always the partner gene for ALK fusions
in lung cancer, although more recent studies have identified
a small subset (<1%) of fusions between kinesin family
member 5b and ALK (KIF5B-ALK) [100, 101], and others
between TRK-fused gene (TFG) and kinesin light chain1
(KLC-1) to an even smaller percentage [102, 103].

Similar to EGFR mutations in lung cancer, EML4-ALK
mutations occur primarily in the adenocarcinoma subtype,
and usually occur in never- and light-smokers [17, 18].
Further EML4-ALK mutations are mutually exclusive with
KRAS or EGFR mutations. To characterize tumors formed
under this oncogenic mutation in vivo, Soda et al. created
a mouse model that expressed EML4-ALK specifically in
the lung alveolar epithelial cells by using the surfactant-
protein-C gene (SPC) promoter [104]. These mice developed
hundreds of adenocarcinoma nodules in both lungs shortly
after birth. Further, treatment with a 2,4-pyrimidinediamine
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derivative with a median inhibitory concentration for ALK
of 10 nM and a high specificity to ALK was effective in
significantly reducing tumor burden by ∼30% [104]. It
is important to note, however, that mice in both groups
remained metastasis free, suggesting that EML4-ALK alone
is insufficient to confer metastatic potential to NSCLC.

When seeking downstream pathways affected by EML4-
ALK, and P13K, MEK/ERK pathways were not required for
oncogenesis, though Hsp90 played a role [105]. Further,
EML4-ALK is rapidly degraded upon exposure of cells to
Hsp90 inhibitor IPI-504 [106]. This degradation leads to a
potent inhibition of downstream signaling pathways and to
the induction of growth arrest and apoptosis in cells carrying
the EML4-ALK fusion. In addition, a xenograft model of a
human NSCLC cell line containing the ALK rearrangement,
tumor regression was observed at clinically relevant doses of
IPI-504. Finally, cells that have been selected for resistance to
ALK kinase inhibitors retain their sensitivity to IPI-504.

Contradictory studies have shown that forced expression
of EML4-ALK-induced activation of ERK and STAT3, but
not that of AKT [107]. Importantly, inhibition of ERK or
STAT3 signaling resulted in substantial attenuation of the
proliferation of cells expressing EML4-ALK. In addition, the
specific ALK inhibitor TAE684 induced apoptosis that was
accompanied both by upregulation of BIM and downregu-
lation of Survivin. Depletion of BIM and overexpression of
Survivin each inhibited TAE684-induced apoptosis, suggest-
ing that both upregulation of BIM and downregulation of
Survivin contribute to TAE684-induced apoptosis in EML4-
ALK-positive lung cancer cells [107].

The development of TKIs targeting the EML4-ALK
fusion has been successful at targeting tumors with oncogene
addiction to the mutation, that is, tumors with the gene
fusion appear to be responsive to inhibitors of ALK kinase
activity. The most successful compound, Crizotinib (PF-
02341066), has recently been approved for treatment of
NSCLC-containing ALK translocations [108]. Despite the
efficacy of ALK-targeted compounds in preclinical studies,
however, their efficacy is somewhat limited by the emergence
of acquired drug resistance [109]. Two independent mecha-
nisms have been suggested to contribute to this resistance. In
the Crizotinib-resistant DFCI076 cell line, a unique L1152R
ALK secondary mutation and concurrent coactivation of
epidermal growth factor receptor (EGFR) signaling imparted
resistance. In this study, a subset (3/50; 6%) of treatment
naive NSCLC patients with ALK rearrangements also had
concurrent EGFR activating mutations, suggesting that these
mutations are not mutually exclusive and that the combina-
tion of both ALK and EGFR inhibitors may be an effective
strategy for certain subgroups of NSCLC patients [109].

2.4. MET. MET is a proto-oncogene that encodes a tyrosine
kinase membrane receptor (also known as hepatocyte growth
factor receptor, HGFR) which can bind to the HGF ligand
or scatter factor (HGF/SF). MET activation induces specific
phosphorylation of several tyrosine residues, which, in
turn, activates multiple downstream signaling pathways,
including RAS/ERK, PI3 K/AKT, and c-SRC kinase pathways

[110]. c-MET is also considered a promoter of epithelial-
mesenchymal transition (EMT), due to its role in Src
activation. Elevated levels of HGF and intratumoral MET
expression have been associated with a more aggressive
biology and a worse prognosis in NSCLC [111]. Alteration
in the MET gene, including amplification, overexpression,
and mutations have been described in a number of solid
tumors such as papillary renal cancer, gastric cancer, and
NSCLC [112]. Mutations in MET have been identified in
approximately 5% of NSCLCs, mainly involving exons 2 and
14 with no clear difference in mutation frequency between
histologic subtypes [113]. In comparison with renal and
gastric carcinoma, mutations in the kinase domain of MET
are rare in NSCLC [113, 114]. Interestingly, a mutliethnic
study on 141 asian, 76 Caucasian, and 66 African American
lung cancer patients revealed that the type and frequency
of MET mutations were different among each group [115].
The MET mutation N375S was detected in a high proportion
of East Asian samples and was correlated to incidence of
squamous-cell carcinoma. This mutation also seemed to
confer resistance to MET inhibition. The frequency of MET
mutations was highest among male smokers.

In another study involving a cohort of 188 adenocarci-
nomas, only 3 somatic MET mutations were identified; two
in exon 13 encoding the juxtamembrane domain (Arg988del
and Tyr1021Asn) and one in exon 18 encoding the kinase
domain (Gly1260Cys) [116]. Additionally, an intronic splice
variant leading to exon 14 deletions has been reported in 2-
3% of NSCLC tumors in Japanese cohorts, and this mutation
led to delayed receptor downregulation and increased ligand
mediated proliferation [113, 114].

Of particular interest to patients harboring EGFR muta-
tions, amplification of MET gene has been associated with
secondary resistance to EGFR tyrosine kinase inhibitors
through a mechanism termed as kinase switch [117, 118].
MET amplification has been reported in about 20% of
tumors from patients with acquired resistance to EGFR
inhibitors suggesting that a combination of MET and EGFR
inhibitors might be successful in treating patients with EGFR
mutations [119, 120]. However, MET amplification has been
reported only in 1–7% of patients with NSCLC not treated
with EGFR-specific tyrosine kinase inhibitors [114, 121].

2.5. HER2/ERBB2. HER2/ERBB2 is another member of the
ERBB family of receptor tyrosine kinases, and it can form
homo- or heterodimers with other members of the family.
HER2 is an unusual member of the ERBB family in that
it does not interact with the EGF ligand family, but rather
has an inflexible extracellular region. Once ligands engage
different family members, the HER2 receptor can then
heterodimerize with the ligand-bound member. Evidence
suggests that HER2 acts as the preferred dimerization
partner for other family members as well, and could even
enhance EGFR-mediated signaling [122–124]. Following
dimerization, a variety of downstream pathways can elicit
activation of various kinases including the PI3 K pathway,
MAPK pathway, and the JAK/STAT pathway [125, 126]. It
is overexpressed in about 20% of NSCLC, though HER2
mutations occur in only 2% of NSCLC [127]. Mutations
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involve in frame insertions/duplication in exon 20, mostly
between codon 774 and 779, resulting in the constitutive
activation of the receptor [128]. Interestingly, all mutations
occurred in the adenocarcinoma type cancers, and four of
5 cases were current or ex-smokers. In a contrasting study,
these mutations are more prevalent in never smokers, women
and asian patients and more frequent in adenocarcinoma
than in other histological types of NSCLC [127, 129]. In
another study of 504 Japanese lung cancer patients, HER2
mutations were identified in 13 of 504 cases (2.6%) [130].
The subgroup of nonsmokers with adenocarcinoma or
adeno-squamous-cell carcinoma without EGFR mutations
harbor a frequency of HER2 mutations of 14.1% (11/78).
HER2 mutations are not present in tumors harboring EGFR
or KRAS mutations.

Given that HER2 mutations and amplification is
observed in a variety of human cancers, targeting HER2
has been an effective modality for inhibiting tumor growth
and progression. A monoclonal antibody that targets HER2,
Trastuzumab (Herceptin) can induce downregulation of
HER2 and cell-cycle inhibition [131]. Further, the reversible
small molecule inhibitor of both EGFR and HER2, Lapatinib
(GW572016), has also shown modest efficacy in downreg-
ulation of Src and AKT signaling [131, 132]. Unfortunately
the use of these single agents in phase II clinical trials was
disappointing [133].

2.6. B-RAF. Nearly a decade after the discovery of RAS
as a human oncogene, the first critical effector protein
was identified—RAF-1 serine/threonine kinase [134, 135].
This protein, along with its two closely related family
members A-Raf and B-Raf, are responsible for triggering the
mitogen-activated protein kinase (MAPK) pathway [136].
Recent studies have revealed that 60% of melanomas harbor
activating mutations in the B-RAF kinase gene, and in some
colon, thyroid, and lung cancers as well [137]. In total, B-
RAF mutations occur in approximately 7% of all human
cancers [138]. The most common B-RAF mutation, being
most frequent in melanoma at 80%, is the glutamic acid
for valine substitution at position 600 (exon 15), which
produces a 500-fold activated protein that signals to MEK-
ERK constitutively, conferring the cell with increased survival
and proliferation [138, 139]. These mutations in some cases
cause constitutive heterodimerization with C-RAF [140].

In contrast to the most common B-RAF mutation,
NSCLC have mostly non-V600E mutations, including
D594G and L596R mutation in the kinase domain, and
G465V or G468A mutations in the G-loop of the activation
domain [138, 141–143]. Importantly, B-RAF missense muta-
tions were observed in 4 out of 35 lung adenocarcinoma
cell lines tested (11%), but not in 14 primary lung cancers
analyzed [138]. More recently, however, one study showed
that out of 697 patients with lung adenocarcinoma, all
patients harboring B-RAF mutations (18 patients; 2.6%)
were former or current smokers (P < 0.001) [143].

The heterogeneity of B-RAF mutations observed in lung
cancer makes the use of PLX4032 (the promising small
molecule B-RAF kinase inhibitor designed to target the
V600E mutation) less desirable [144]. In addition to the

complexities associated with the precise mutation-specific
actions of this new drug, resistance can develop to the
inhibitor. Various studies have identified mechanisms for
acquired resistance in melanoma to mutations in upstream
regulators of the ERK pathway including NRAS, MAP3 K8,
PDGF, and IGF-1 receptor tyrosine kinases [145–147]. These
changes can induce cell proliferation irrespective of mutant
B-RAF.

2.7. MEK-1. MEK1 (also known as MAP2 K1) is one of the
pivotal downstream effectors of RAS-signaling cascades in
NSCLC. Mek1 is a serine-threonine kinase that primarily
activates ERK1 and ERK2 downstream of RAF family
members [148]. In a cohort of lung adenocarcinoma, 2 out
of 207 (∼1%) primary lung tumors had somatic activating
mutations in exon 2 of MEK1, a K57N mutation in the
nonkinase portion of protein [63]. In addition, this residue is
highly conserved from Arabidopsis to humans [63]. Further
proving that mutations in the RAS-RAF-MAPK pathway
often have one hit per tumor, these tumors had no other
known mutations in genes often mutated in lung cancer,
such as EGFR, KRAS, HER2, or PIK3CA, or BRAF. Further,
expression of mutant MEK1 led to the constitutive activation
of ERK1 and ERK2 in 293T cells. Treatment of 293T cells
with the small-molecule MEK inhibitor AZD6244 com-
pletely abrogated downstream phosphorylation of ERK—
suggesting that this compound might be efficacious for
patients harboring this rare mutation. Sasaki et al. have also
identified the MEK1 K57N mutation in 1 out of 241 human
lung adenocarcinoma samples (0.4%) [149].

Whether the MEK mutation in NSCLC is a driver
mutation is still not determined, mostly because of the
rare case of mutation in humans. In an orthotopic mouse
model with NSCLC cell lines, MEK inhibition could signifi-
cantly decrease angiogenesis, VEGF expression, and sequen-
tial signaling [150]. Further interruption of both STAT3-
survivin and ERK-BIM pathways was critical for induction
of apoptosis in NSCLC harbouring EML4-ALK—this was
accomplished using ALK and MEK inhibitors in EML4-ALK-
positive NSCLC patients for whom ALK inhibitors alone are
ineffective [151].

2.8. PIK3CA and AKT. PI3Ks are a family of intracel-
lular, heterodimeric lipid kinases that phosphorylate the
3′ hydroxyl group of phosphatidylinositols and phospho-
inositides. PI3K pathway regulates diverse cellular processes
including cell proliferation, survival, metabolism, apoptosis,
and cell migration [152]. Among the four different isoforms
of the p110 catalytic subunit of PI3K, PIK3CA, the gene
encoding the p110α catalytic subunit, is the only gene
frequently mutated in cancer; these mutations occur in the
helical or kinase domains of the catalytic subunit [152].
Along with KRAS, it is believed that PI3K mutations are
the second most common mutations in oncogenes in cancer.
However, mutations of this gene have been identified in
30% of glioblastomas and gastric cancers, but are much less
frequent in lung cancers [153]. In fact, only 2% of NSCLC
cases show mutations in PIK3CA where these mutations
most frequently affect residues Glu542 and Glu545 in
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exon 9 encoding the catalytic domain. In addition to muta-
tions, this study also identified PIK3A copy number gains,
which were more frequent in squamous-cell carcinoma
(33.1%) than in adenocarcinoma (6.2%) or SCLC lines
(4.7%), making this aberration one of the few more prevalent
in the squamous histological subtype [154]. Previous studies
have shown that a region of chromosome 3q (3q25–27),
where PIK3CA (3q26) is located, is frequently amplified
in lung cancers, especially squamous-cell carcinomas. In
another study, PIK3CA amplification was significantly asso-
ciated with smoking history and histological type, which was
more frequent in smokers compared to never smokers, and
in squamous-cell carcinoma compared to adenocarcinoma
[155].

Although the exact mechanism of tumorigenesis from
PIK3CA mutations is unclear, PIK3CA mutations lead to
enhanced PI3 K enzymatic activity in vitro and growth-
factor-independent activation of Akt/Protein kinase B sig-
naling pathways resulting in oncogenic transformation. In
addition to mutations, PIK3CA is frequently amplified in
NSCLC, particularly in men, smokers, and also in squamous-
cell carcinoma. The primary downstream mediator of
PIK3CA, AKT, or protein kinase B is a serine threonine
kinase that is activated by PI3 Kinase and represents a key
node in the PI3K pathway. Interestingly, a major recurrent
mutation (E17K) in the AKT1 gene has been identified in
various cancers including breast, ovarian, and colon cancers
[156]. This mutation occurs in the AKT1 pleckstrin homolog
domain and alters the phosphoinositide-binding pocket, and
leads to PI3K-independent AKT activation. Although, AKT1
mutations are rare in lung cancer (1.9%), the oncogenic
properties of E17K mutaions might also contribute to the
development of a fraction of lung carcinoma with squamous
histotype (5.5%) [157].

2.9. TTF1 (NKX2.1 or TITF1). Thyroid Transcription Fac-
tor 1, TTF1, or TITF1, also known as NK2 homeobox
1 (NKX2.1), is a transcription factor essential for the
development of normal lung airways, thyroid, and brain
(Boggaram, 2009 #356). Particularly in the lung, NKX2.1
participates in differentiation of cells into lung branches, and
its expression is restricted to certain cells assigned to strin-
gently maintain the lung architecture. Interestingly, NKX2.1
expression can be detected in a wider range of NSCLCs
(around 50%), which suggests that NKX2.1 might contribute
to the development of these cancers [158–161]. Further
highlighting a role for NKX2.1 in the lung development,
several mouse models have provided evidence: knockout
mice have defects in branching morphogenesis, and results
in neonatal death. Although mutations that prevent NKX2.1
phosphorylation result in relatively normal morphogenesis,
but exhibit lethal functional defects including abnormalities
in acinar tubules and pulmonary hypoplasia indicating
defects in lung morphogenesis later in development [162].
In a transgenic mouse model, increased expression of TTF1
in respiratory epithelial cells inhibited alviolarization and
caused pulmonary inflammation demonstrating that precise
regulation of TTF1 is critical for homeostasis in the postnatal
lung. Modest overexpression of TTF1 caused type II cell

hyperplasia and increased the cellular content of pulmonary
surfactant protein B (SP-B). In contrast, higher expression
levels of TTF1 disrupted alveolar septation, causing emphy-
sema. In mice with the highest transgene expression, TTF1
caused severe inflammation, pulmonary fibrosis, respiratory
failure, and death, associated with eosinophil infiltration,
and increased expression of eotaxin and IL-6 [163].

In human lung, NKX2.1 haploinsuffficiency causes res-
piratory dysfunction, abnormal airway and alveolar mor-
phogenesis, and abnormal surfactant protein expression and
infections [164]. Amplification of the 14q13.3 locus harbor-
ing NKX2.1 gene is observed in 7–15% of lung cancer cases
[165, 166] and 33% of lung cancer cell lines. Knockdown
of TTF1 in lung cancer cell lines with amplification led
to reduced cell proliferation, manifested by both decreased
cell-cycle progression and increased apoptosis indicating
that TTF1 is a lineage-specific oncogene in lung cancer
[158]. Further, an increase in the gene dosage of TTF1 in
214 patients with NSCLC (including 174 adenocarcinomas)
showed, a higher frequency of increased gene copies at
metastatic sites than at primary sites suggesting that sus-
tained TTF1 expression may be crucial for survival of a
subset of adenocarcinomas [161]. Thus, TTF1 is essential for
the development of the peripheral airways and is a lineage-
specific marker for tumors developing from the terminal
respiratory unit, that is, peripheral ADCs. Several lines of
evidence suggest that Nkx 2.1 is an adinocarcinoma lineage-
specific target gene [161, 167] and it is not expressed in
squamous-cell carcinoma (SCC) [168, 169]. A recent study
indicated that 14q amplification does occur in SCC, however,
FOXA1 gene, located only 1Mbp downstream of NKX2.1
might be the target gene in SCC [170]. Genome-wide
analyses of NKX 2.1 binding to transcriptional target genes
uncovered differential Nkx2.1-regulated networks in early
and late lung development and a direct function in regulation
of cell cycle by controlling the expression of proliferation-
related genes such as E2F3, Cyclin B1, Cyclin B2, and c-Met
[171].

Although several studies demonstrated NKX2.1 to be a
lineage-specific oncogene and its expression was found to be
crucial for the survival of a subset of adenocarcinomas [161,
167], a recent mouse model links NKX2.1 downregulation to
a loss in differentiation, enhanced tumor-seeding ability, and
increased metastatic proclivity [172]. Thus, the oncogenic
and tumor suppressor functions of Nkx2.1 within the same
tumor type support its role as a dual-function lineage factor
[172]. Hence it is not surprising that numerous studies
assessing the prognostic role of Nkx2.1 in lung cancer
reported inconsistent results [159, 161, 167, 173–176].

2.10. ROS. The transmembrane proto-oncogene receptor
tyrosine kinase (RTK) ROS is receptor kinase of insulin
receptor family that is aberrantly expressed in neoplasms of
the central nervous system. Chromosomal rearrangements
involving the ROS1 gene were originally described in gioblas-
tomas, where ROS1 (chromosome 6q22) is fused to the FIG
(Fused in Glioblastoma) gene (chromosome 6q22 immedi-
ately adjacent to ROS1) [177]. In transgenic mouse models,
FIG-ROS expression led to the formation of glioblastomas



8 Biochemistry Research International

and that formation of these tumors were greatly accelerated
in the absence of tumor suppressor genes p16Ink4a and
p19Arf [178]. ROS1 fusions were identified as potential
driver mutations in an NSCLC cell line (HCC78; SLC34A2-
ROS1) and an NSCLC-patient sample (CD74-ROS1) in a
large-scale survey of tyrosine kinase activity in lung cancer
using phosphoproteomic approaches [103]. Recently, ROS1
rearrangements were identified in 1.7% (18 out of 1073)
patients with NSCLC using fluorescence in situ hybridization
while 2.9% were ALK rearranged [179]. Patients with ROS1
rearrangements were significantly younger and more likely
to be never smokers and all of the ROS1-positive tumors
were adenocarcinomas with a tendency toward higher grade.
Interestingly, these clinical features were similar to those
associated with EGFR mutations and ALK rearrangements
[127, 180] and preclinical studies using a kinase inhibitor
TAE684, effectively inhibited the growth of the HCC78
cell line harboring ROS1 translocation [181]. In addition,
ALK/MET inhibitor crizotinib also inhibited growth of
HCC78- and ROS1-positive tumors suggesting that lung
cancer patients with ROS1 rearrangement could benefit from
targeted therapy using crizotinib [179].

2.11. RET. The RET gene (rearranged during transfection)
on chromosome 10q11.2 encodes a receptor tyrosine kinase
that normally plays a crucial part in neural crest development
[182]. More than 20 years ago, RET gene was shown to be
associated with papillary thyroid carcinoma (PTC) through
chromosomal rearrangements (RET/PTC) [183]. Somatic
and germline point mutations occur in sporadic and familial
medullary thyroid cancers, respectively. RET fusions (involv-
ing CCDC6, PRKAR1A, NCOA4 (ELE1), GOLGA5, TRIM24
(HTIF1), TRIM33 (RFG7), and KTN1 and ERC1 (ELKS)) are
found in papillary thyroid cancers [184, 185]. Currently, an
inhibitor specific for only RET is not available, but trials of
kinase inhibitors with anti-RET activity have been conducted
in thyroid cancer, leading to U.S. Food and Drug Administra-
tion (FDA) approval of one (vandetanib) for the treatment of
adults with metastatic hereditary medullary thyroid cancers
[186]. Although RET fusions have not previously been
described in lung cancer, a recent study identified in-frame
fusion transcripts of KIF5B (the kinesin family 5B gene)
and the RET oncogene, which are present in 1-2% of lung
adenocarcinomas (LADCs) from people from Japan and the
United States, using whole-transcriptome sequencing [21].
The KIF5B-RET fusion led to aberrant activation of RET
kinase and is considered to be a new driver mutation of lung
adenocarcinoma because it segregates from mutations or
fusions in EGFR, KRAS, HER2, and ALK. Additionally, RET
tyrosine kinase inhibitor, vandetanib, suppresses the fusion-
induced anchorage-independent growth activity of NIH3T3
cells [21]. In another study, combined analysis of massively
parallel whole-genome and transcriptome sequencing for
cancer and paired normal tissue of a 33-year-old lung
adenocarcinoma patient, who is a never-smoker and has no
familial cancer history revealed the presence of the fusion
gene between KIF5B and the RET proto-oncogene caused by
a pericentric inversion of 10p11.22-q11.21 [22]. This fusion
gene overexpressed chimeric RET receptor tyrosine kinase,

which could spontaneously induce cellular transformation.
Further, they identified the KIF5B-RET fusion in two more
cases out of 20 primary lung adenocarcinomas in the
replication study demonstrating that a subset of NSCLCs
could be caused by a fusion of KIF5B and RET, and
suggesting the chimeric oncogene as a promising molecular
target for the personalized diagnosis and treatment of lung
cancer.

In a similar study, using a next-generation sequencing
assay targeting 145 cancer-relevant genes in 24 non-small-
cell lung cancer formalin-fixed paraffin-embedded tissue
specimens identified KIF5B-RET fusion in lung adenocarci-
noma. Further screening of 561 lung adenocarcinomas iden-
tified 11 additional tumors with KIF5B-RET gene fusions
[23].

Each of these studies discovered RET fusions involving
the KIF5B (kinesin family member 5B) gene, which encodes
a coiled coil domain thought to mediate dimerization.

Under normal circumstances, KIF5B is part of a motor
protein complex that is responsible for organelle trafficking
[187]. Collectively, these studies identified a total of seven
KIF5B-RET fusion variants, in all seven variants, as with
other kinase fusions, the breakpoint left the RET kinase
domain portion intact. The fusions occurred predominantly
in adenocarcinomas from never smokers and were mutually
exclusive of mutations in EGFR, KRAS, and ALK.

3. Inactivation of Tumor Suppression Pathways

3.1. TP53 Mutations. Alteration in the TP53 gene is one
of the most significant events in lung cancers and plays an
important role in the tumorigenesis of lung epithelial cells.
Approximately 40–60% of NSCLCs and 70% of SCLCs have
mutations in the tumor suppressor gene TP53, regardless of
their EGFR or KRAS mutation status [188, 189]. Somatic
TP53 missense mutations are found in approximately 50%
of human cancers, and inactivating mutations in the TP53
gene are the most common genetic events in human cancers
affecting a specific gene, with the vast majority arising
from a single-point mutation in the segment encoding the
DNA-binding domain of TP53 [190, 191]. The inactivating
mutations render the mutant TP53 protein unable to carry
out its normal functions, that is, transcriptional transacti-
vation of downstream target genes that regulate cell cycle
and apoptosis [192]. Several recent studies indicate that the
common types of cancer-associated TP53 mutations also
endow the mutant protein with new activities, so-called
“gain-of-function” (GOF) activities, which can contribute
actively to various stages of tumor progression, including
distant metastases, and to increased resistance to anticancer
treatments. GOF activities of mutant TP53 are exerted
by aberrant protein interaction or gene regulation, such
as MAPKK3, inhibitor of DNA-binding 4 (ID4), polo-like
kinase 2 (Plk2), promyelocytic leukemia protein (PML), and
prolyl isomerase Pin1 [193–195]. Although the occurrence of
TP53 mutations is not limited to a few particular sequences
or codons along this gene, most mutations cluster in the
TP53 DNA-binding domain [196]. Most TP53 missense
mutations lead to the synthesis of a stable protein, which
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lacks its specific DNA-binding and transactivation function
and accumulates in the nucleus of cells. These mutant
accumulated proteins are retained in distant metastasis and
also shown to be capable of cooperating with oncogenes for
cellular transformation [197]. It is reported that five of the
six most prominent mutation hotspots in the TP53 gene
are represented by G to T mutations at codons containing
methylated CpG sequences, including codons 157, 158, 245,
248, and 273 [198]. The understanding of the tumor-specific
mutational spectra of the TP53 gene is quite important
for the understanding of TP53-associated carcinogenesis.
Analysis of the spectrum of TP53 mutations in human cancer
demonstrates a link between exposure to various types of
carcinogens and the development of specific cancers [199].
For example, these mutations are less common in the lung
cancers of never smokers than in tobacco-associated lung
cancers [199]. Moreover, the types and spectra of TP53
mutations differ significantly according to the smoking status
of the patient [200].

The frequency of G-to-T transversions is higher in
smokers, whereas that of G-to-A transitions is higher in
never smokers [113, 200]. The G-to-T transversions usually
occur at bases that serve as binding sites for adducts
of polycyclic aromatic hydrocarbons [201]. Another study
indicated that the G-to-T : G-to-A ratio was 1.5 in women
smokers and 0.23 in women never smokers [202]. Moreover,
mutations at codons 157, 158, 245, and 248 (“warm spots”)
of TP53 gene were less frequent in never smokers [201, 203].
Further studies indicated that the TP53 mutations in women
never smokers with adenocarcinoma were predominantly
transitions (83%); however, in smokers, the mutations were
predominantly transversions (60%) and deletions (20%)
[204].

The frequent detection of loss of heterozygosity (LOH) in
lung cancer cell lines and tumor samples at the location of the
TP53 gene on chromosome 17p13 suggested that this gene
was likely to be involved in the pathogenesis of lung cancer,
and genetic abnormality of the TP53 in lung cancers has been
shown to be associated with a poorer survival prognosis and
increased cellular resistance to therapy [205]. The highest
frequency of TP53 alterations is found in SCLC specimens.
On the other hand, the frequency of TP53 mutations is the
highest in squamous-cell carcinomas and lower in adenocar-
cinomas among NSCLC-tumor samples [206]. It has been
reported that somatic mutations and increased expression of
TP53 were frequently found in ∼23% and ∼65% of NSCLC,
respectively [207]. TP53 mutations are found in tumors
both with and without allele loss at 17p13 and are mostly
located within the DNA-binding domain of TP53 [208].
Because coding mutations of TP53 occur relatively early in
the development of lung cancer and are potentially required
for maintaining the malignant phenotype, the acquired
TP53 mutations are preserved during tumor progression
and metastatic spread [209]. It has been reported that
the incidence of TP53 mutations in primary tumors and
metastatic lymph nodes was 23.2% and 21.4%, respectively,
and the TP53 gene status in primary tumors and metastatic
lymph nodes showed 92.9% concordance among 56 patients
with NSCLC who had undergone surgical resection, which

explained the fact that TP53 mutations usually precede
lymph node metastasis [210]. Most TP53 mutations occur
before the tumor metastasizes. They are then preserved
through subsequent stages of tumor development; as a
result, no selection against TP53 mutations occurs during
metastasis.

The role of mutant TP53 in the prognosis of lung cancer
is a matter of controversy; some reports suggest a negative
prognostic effect while others report a positive or no effect
[211]. A meta analysis of 43 published reports concluded
that TP53 mutations as determined by IHC and mutational
analysis were a significant marker of poor prognosis in
patients with pulmonary adenocarcinoma [212], and this
observation was later confirmed by other groups [213–
215]. Several studies suggest that TP53 mutations confer
chemoresistance to lung cancer cells in vivo and in vitro
[205], supporting its association with poor prognosis.

3.2. PTEN Mutations. Phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) is a tumor suppressor
gene encoding a 403 amino-acid-dual-specificity lipid and
protein phosphatase [216]. PTEN negatively regulates the
phosphatidylinositol 3-kinase (PI3K) signaling pathway by
dephosphorylating PI-(3,4,5)-triphosphate, which mediates
activation of AKT. This results in inhibition of PI3 K-
AKT-mTOR pathway leading to G1 cell cycle arrest and
apoptosis. In addition, PTEN inhibits cell migration and
spreading through its regulation of focal adhesion kinase as
well as regulates TP53 protein levels and activity [217–219].
The PI3 K-PTEN signaling network functions as a crucial
regulator of cell survival decisions [220]. When PTEN is
deleted, mutated, or inactivated, activation of PI3 K effectors
especially, AKT/Protein kinase B can occur in the absence of
any exogenous stimulus resulting in tumorigenesis.

Frequent somatic mutations in the PTEN gene have been
reported in a variety of sporadic tumors, including endome-
trial cancers and prostate cancers [221, 222]. In contrast to
these tumors, PTEN mutations have been reported to occur
rarely in non-small-cell lung cancer (NSCLC) [79] probably
due to the small number of samples included in these studies.
However, loss of heterozygosity of PTEN has been reported
to occur frequently (∼50%) in NSCLC [223]. A recent
study tried to investigate the relationship between PTEN
mutations and EGFR, KRAS, and TP53 mutations in 176
surgically resected NSCLCs. PTEN mutations were present
in 8 (4.5%) of the 176 tumors, and one case concurrently
had an EGFR mutation and 4 cases had TP53 mutations.
However, PTEN mutations were not found in the tumors
with KRAS mutation. PTEN mutations were only found
in ever smokers and were significantly more frequent in
squamous-cell carcinoma than in adenocarcinoma [224].
These findings indicate that PTEN mutations are relatively
common in NSCLC, and thus analysis of PTEN mutations
may facilitate a comprehensive understanding of the genetic
alterations related to the EGFR signaling pathway.

3.3. LKB1. Germline mutations in LKB1, also called STK11
(serine-threonine kinase 11), cause the autosomal dominant
Peutz-Jeghers syndrome (PJS) [225, 226], which bestows
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an increased risk of developing a wide range of cancers,
including lung cancer [227]. In humans, LKB1 is located on
the short arm of chromosome 19, and encodes a CAMK-
family serine threonine kinase. Functionally, LKB1 can phos-
phorylate a variety of downstream targets in the cytoplasm,
although the best studied is AMP-activated protein kinase
(AMPK), a key regulator of cellular metabolism and glucose
uptake [228]. LKB1 is also known as a tumor suppressor
gene, since the deletion of this gene is observed in various
cancers. LKB1 has varied mechanisms of action—through
the inhibition of mammalian target of rapamycin (mTOR),
regulation of the cell cycle and proliferation, and even
regulation of metastasis [229–231]. Aside from the somatic
LKB1 deletions observed in somatic tumors, mutations by
other means, such as frameshift, nonsense, missense, or large
intragenic deletions, which generate truncated proteins, are
also observed in lung cancer [232]. These mutations are far
too heterogeneous to characterize in this paper, occuring in
exons 1–8 [232].

To highlight a role for LKB1 in mouse models of NSCLC,
Kwok-Kin Wong’s group created a mouse that harbored the
KRasG12D mutation and homozygous inactivation of LKB1
[233]. In these mice, LKB1-deficient tumors demonstrated
shorter tumor latency than mice with KRAS mutation alone,
and mimicked the human spectrum of lung pathologies,
having adeno-, squamous-, and large-cell carcinoma in
addition to more frequent metastasis compared to tumors
with TP53 mutation or Ink4a/Arf. Similar to other studies,
they found that 34% of 144 human adenocarcinoma samples
and 19% of squamous-cell carcinomas had inactivation of
LKB1 [233, 234]. Further, gene expression profiles on human
lung cancer cell lines and mouse lung tumors identified
a variety of downstream genes implicated in metastasis
to be upregulated following LKB1 loss, including NEDD9,
VEGFC, and CD24. Whether these genes are also affected in
human tissue samples remains to be demonstrated.

LKB1 might also play a role in the epithelial to mes-
enchymal transition [229]. When genomic and proteomic
analysis were compared in a cross-species comparison of
mouse and human samples, there was a similar pattern
of expression during progression of LKB1-deficient tumors
to metastases—faithfully recapitulating advanced incurable
disease in human primary NSCLC. In addition, LKB1-
deficient tumors had a provocative gene signature, which
included up-regulation of SRC, FAK, TGF-β, E2F1, and
stem-cell markers OCT4 and TCF3.

3.4. p16INK4A. The cyclin-dependent kinase (CDK) inhibitor
p16 (p16INK4A/CDKN2/MTS1) was the first of four INK4
genes discovered, and is a crucial component for stringent
regulation of the cell cycle [235]. It functions to inhibit
cyclin-D dependent phosphorylation of pRB, and its related
family members p130 and p107, by replacing cyclin D
in cdk4/6-cyclin D complexes [235]. This inhibition of
pRb phosphorylation keeps pRB active on E2F-target gene
promoters that are required for entry into S-phase, hence
sequestering E2F transcriptional activity, and inhibiting
progression through the G1/S checkpoint [236]. Genetic
alterations of p16INK4A thusly lead to unrestricted ectopic

cell proliferation through the loss of G1 arrest control.
Since the loss of this critical gene occurs in several cancers
including NSCLC, p16INK4A is recognized as a bona fide
tumor suppressor gene [237–239].

In human NSCLCs, aberrations in p16INK4A occur with
a rather high frequency (∼17–58%) and is usually through
homozygous deletions, though inactivating point mutations,
and methylation at the 5′ CpG islands also silence p16INK4a

activity [113, 240–242]. Other studies have shown that IHC is
a straightforward method for detection of p16 inactivation as
well [243]. To determine the overall incidence of p16 muta-
tions in biopsied NSCLC samples, Brambilla et al. examined
a cohort of 168 samples using IHC. Surprisingly, 98 out
of 168 (58%) had lost immunoreactivity to p16 antibodies
[244]. However in univariate analysis, p16 negative cases had
longer survival than p16 positive cases (P = 0.02), suggesting
that p16 loss may not result in an unfavorable role for
tumor progression and patient outcome. In one contrasting
study, 244 human-NSCLC-tumor samples were analyzed by
fluorescence-based, real-time methylation-specific PCR to
examine the prognostic relevance of p16 DNA promoter
methylation [245]. These data demonstrated that patients
with hypermethylation of the p16 promoter had a negative
correlation with survival (P = 0.0002), suggesting that
deletion of this cdk-inhibitor contributed to poor prognosis.

4. Conclusions

Characterization of genomic aberrations including copy
number changes, nucleotide sequence changes, chromoso-
mal rearrangements and epigenetic alterations, and eluci-
dation of their role in carcinogenesis have provided a deep
insight into the molecular events that facilitate the genesis
and progression of non-small cell lung cancer. It is clear
that multiple pathways, including those that promote the
growth of tumors as well as those which suppress tumor
growth are altered in human NSCLC. It is clear that targeting
the activating mutations and their downstream biochemical
pathways is more pliable and practical in developing novel
therapeutics. At the same time, attempts to target signaling
pathways that inhibit the function of tumor suppressive
pathways are also gaining attention. Development of agents
like nutlin that restores the level of TP53 is a prime
example. It may be concluded that the new data derived
from genomewide screening efforts, deep sequencing as
well as large-scale gene expression profiling will provide
additional leads into potential molecular targets that can be
manipulated for therapeutic purposes. Success of such efforts
will lead to improving the prognosis and quality of life of
thousands of NSCLC patients around the world.
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The p16INK4A (hereafter p16) tumor suppressor is encoded by the INK4A/ARF locus which is among the most commonly dysreg-
ulated sequences in human cancer. By inhibiting cyclin-dependent kinases, p16 activates the G1-S checkpoint, and this response
is often considered to be critical for establishing a senescence-like growth arrest. Not all studies support a universal role for p16
in senescence. Single-cell analysis of noncancerous human fibroblast cultures undergoing senescence as a function of culture age
(replicative senescence) has revealed that p16 is not expressed in the majority (>90%) of cells that exhibit features of senescence
(e.g., flattened and enlarged morphology coupled with senescence-associated β-galactosidase expression), ruling out a requirement
for p16 in this process. In addition, ionizing radiation triggers premature senescence in human cancer cell lines that do not express
p16. These observations are made with cells that express wild-type p53, a key mediator of the DNA damage response. In this paper,
we examine the growing evidence suggesting a negative regulatory relationship between p16 and p53 and discuss recent reports
that implicate a role for p16 in replicative senescence and ionizing radiation-induced premature senescence in human cells that
lack wild-type p53 function.

1. Introduction

Normal somatic human cells in culture undergo a finite
number of divisions before entering a state of irreversible
growth arrest termed “replicative senescence” [1]. This phe-
notype is characterized by the acquisition of flattened and
enlarged cell morphology, presence of β-galactosidase activ-
ity at suboptimal conditions (i.e., pH 6), and absence of cell
division in metabolically active cells. Replicative senescence
is triggered by erosion and dysfunction of telomeres and
is mediated by multibranched signaling processes [2, 3].
Exposure of certain immortalized cell types (e.g., p53-pro-
ficient human solid tumor-derived cell lines), as well as
“young” (early-passage) normal human cells (e.g., skin
fibroblasts) to DNA-damaging agents can also trigger a
state of sustained growth arrest resembling senescence. The
DNA damage-triggered response is commonly called “stress-
induced premature senescence” (SIPS). Unlike replicative

senescence, SIPS is independent of telomere length or func-
tion [3].

Bypassing replicative senescence is a prerequisite step
in immortalization and malignant transformation [4], and
escape from SIPS can lead to the emergence of highly
metastatic and therapy-resistant cells [5, 6]. Accordingly, a
great deal of research has been directed towards understand-
ing the molecular basis for different forms of senescence in
an attempt to identify novel targets for the treatment of pre-
neoplastic lesions and malignant disease.

Ectopic expression of numerous cancer-associated cell-
cycle genes (e.g., p21WAF1, p16INK4A, p27KIP1, p15INK4B, pRB,
and CHK2) in human cells has been reported to trigger
senescence (reviewed in [7]). In the absence of artificial
gene manipulation, upregulation of the cyclin-dependent
kinase (CDK) inhibitors p16INK4A and p21WAF1 (hereafter
called p16 and p21, resp.) has also been consistently reported
to be associated with senescence [8–13]. While the pivotal
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role of p21 in orchestrating replicative senescence and
DNA damage-induced SIPS has been well established [6],
attempts to elucidate a role for p16 in these processes have
led to inconsistent outcomes, with some reports providing
strong evidence for p16-driven senescence (e.g., in human
fibroblasts [8] and melanocytes [13] undergoing telomere-
directed senescence), and other reports demonstrating the
induction of senescence in the absence of p16 (e.g., in human
fibroblasts [2] and endothelial cells [14], also undergoing
telomere-directed senescence).

Although p16 has been extensively characterized for its
ability to decelerate cell progression from G1 to S phase, it
has emerged as a multifunctional protein capable of forming
a negative regulatory loop with p53, a key mediator of
the DNA damage response. In addition, recent work with
noncancerous human fibroblast strains and solid tumor-
derived cell lines with differing p53 status has implicated the
involvement of p16 in a redundant pathway for senescence,
triggering this response only in the absence of wild-type
p53 activity. Here, we will consider the evidence for these
properties of p16.

2. Regulation of p16 Expression

The human INK4/ARF locus is located on chromosome 9p21
and generates p16 and at least two other transcriptional
variants, p14ARF (alternative reading frame) and p12 [15,
16]. Regulation of this locus is complex, involving several
tumor-relevant and/or stress signaling pathways [17]. The
p38 mitogen-activated protein kinase (MAPK) pathway
mediates p16INK4A induction, the RNA binding protein
AUF1 negatively regulates p16INK4A mRNA stability [17],
and the T box proteins (e.g., Tbx2) [18], the polycomb group
proteins (e.g., BMI-1) [19, 20], histone deacetylases [21, 22],
and the transcription regulators E2F1 and c-MYC [21, 23]
repress p16INK4A expression.

In 2005, Jacobs and de Lange proposed that the p53
tumor suppressor might also contribute to p16 regulation
[17]. This notion was based on the observation that up-
regulation of p16 following DNA damage was unexpectedly
delayed, occurring after the initial increase of p53 and its
subsequent decline to background levels. That p16 is a tar-
get of p53-mediated repression is now well documented.
Hernández-Vargas et al. [24], for example, reported that
p53 transcriptionally activates the helix-loop-helix tran-
scriptional regulator protein Id1, a well-known repressor of
p16INK4A [25, 26]. Additionally, p53 is known to downregu-
late p16 through Id1-independent mechanisms [27].

3. Multiple Functions of p16

The p16 protein was discovered in the early 1990s, and was
extensively studied for its ability to influence cell progression
from G1 to S phase. p16 was shown to inhibit the kinase
activities of the cyclin D-dependent kinases CDK4 [28] and
CDK6 [29]. As cyclin D levels rise in G1, cyclin D binds
the constitutively expressed CDK4 and CDK6 molecules. The
resultant cyclin/CDK complexes phosphorylate pRB, leading
to the release of active E2F that mediates transcriptional
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Figure 1: Multiple functions of the p16 tumor suppressor. This
protein inhibits the kinase activities of CDK4 and CDK6 that medi-
ate pRB phosphorylation [28–30], promotes MDM2-dependent
degradation of p53 [40], downregulates AKT/survivin signaling
[41], and represses the transcription of several genes including RB
[39], TP53 [40], VEGF (vascular endothelial growth factor) [13],
MMP-2 (matrix metalloproteinase 2) [32], and NF-κB [38].

activation of a variety of proteins necessary for G1 to S pro-
gression and DNA replication, including cyclin E, cyclin A,
and thymidine kinase [30]. Inhibition of pRB phosphory-
lation and E2F release in turn lead to inhibition of G1-S
progression.

A number of additional biochemical and biological
functions have since been documented for p16 (Figure 1).
Numerous reports published in the late 1990s implicated a
role for p16 in regulating angiogenesis [31], tumor invasion
[32], cell spreading [33], and other fundamental cellular
processes [34–37]. In part, p16 was shown to elicit such
pleiotropic effects by modulating the expression or function
of distinct target molecules, such as transcriptional down-
regulation of genes that encode vascular endothelial growth
factor (VEGF) [31], matrix metalloproteinase 2 (MMP-2)
[32], nuclear factor κB (NF-κB) [38], and pRB [39].

More recently, p16 was shown to negatively or positively
regulate apoptotic cell death depending on the stimuli.
Thus, p16 protected cells from undergoing apoptosis after
DNA damage by downregulating the intrinsic-mitochondrial
pathway [43], whereas it promoted the detachment-triggered
apoptosis (a process called anoikis; Greek word for homeless)
by downregulating AKT/survivin signaling [41].

In addition, a reciprocal relationship was demonstrated
between p16 and p53, a key regulator of apoptosis.
Huschtscha et al. [40], for example, reported that p16 reg-
ulates p53 expression by both decreasing TP53 transcription
and increasing Mdm2-mediated p53 degradation. Function-
ing at the hub of the DNA damage surveillance network, p53
regulates many DNA-damage-triggered responses including
transcription, DNA repair, cell-cycle checkpoints, apoptosis,
and SIPS (reviewed in [6]). A reciprocal relationship between
p16 and p53 was documented not only with cultured human
and murine cells [27, 40], but also with human tumor
xenografts [44] and with a transgenic mouse model that
carries the entire human p16INK4A locus [45]. As extensively
discussed by Rayess et al. [23], these and related studies
established a critical role for p16 in cell-fate determination
following genotoxic stress when p53 is inactivated. Thus,
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genotoxic stress (e.g., DNA damage, oncogenic RAS expres-
sion) triggers the increased generation of reactive oxygen
species that activate the MAPK pathway, leading to MAPK-
mediated p16 expression and p16-mediated responses (e.g.,
SIPS) in p53-deficient cells.

In short, p16 is a multifunctional tumor suppressor
capable of forming a negative regulatory loop with p53 and
influencing the expression of a large number of cancer-
associated genes both directly (e.g., RB, TP53) and indirectly
by inhibiting the transcription regulators NF-κB and p53.

4. p16 Expression in Human Fibroblasts
Undergoing Replicative Senescence

As mentioned earlier, evaluating the roles of p21 and p16
in different forms of senescence has been the subject of
intensive research since their discovery in the 1990s. Initial
studies suggested a sequential involvement of these proteins
in replicative senescence of diploid human fibroblasts, with
p21 activating cell-cycle arrest at the early stage of senescence,
and p16 being crucial to maintain the senescent cell-cycle
arrest [46, 47]. p16 was proposed to elicit growth arrest by
inhibiting pRB phosphorylation, which results in seques-
tration and inhibition of the E2F family of transcription
factors [1]. It was subsequently demonstrated that pRB is
downregulated in cells undergoing senescence and becomes
barely detectable in “late” senescent cells [47], suggesting that
the long-term maintenance of the senescence phenotype can
occur in the absence of pRB. Brookes et al. [48] observed
considerable variability in the basal levels and kinetics of
p16 accumulation in different human fibroblast strains.
The levels of p16 increased with population doublings in
two of the four normal fibroblast strains tested, with the
other two stains showing little or no increase in p16 at
late passages. These authors further demonstrated that p16-
deficient human fibroblast strains are arrested at late passages
and exhibit features of replicative senescence, and concluded
that p16 might not be essential for the termination of
fibroblast life span.

In 2007, two comprehensive review papers were pub-
lished on the role of p16 in replicative senescence, with
opposing conclusions. Thus, Cánepa et al. [49] suggest
that p16 is a key regulator of replicative senescence and
identified p16 as a molecular marker of this process, whereas
Zhang [3] suggests that p16 is not related to replicative
senescence mediated by telomere shortening, although the
global expression of this CDK inhibitor might be increased in
senescent cells. Examining the basis for such conflicting ideas
is beyond the scope of the current paper. In what follows
we will mainly focus on our own findings with human
fibroblasts with different genetic backgrounds.

Most studies addressing the role of p16 in telomere-
directed senescence relied on the evaluation of global p16
protein levels. However, such measurements can be mislead-
ing because not all proteins are uniformly expressed among
cells within a putatively “clonal” population. Indeed, Herbig
et al. [2] employed single-cell evaluation techniques and
demonstrated that p16 protein levels can be heterogeneous

Stress

(Culture age; ionizing radiation)

MAPK

p16 p53 p21

Apoptosis Senescence

Figure 2: Model illustrating the involvement of the p16, p53, and
p21 tumor suppressors in senescence of human fibroblast cultures
[42]. In p53-proficient (normal) fibroblasts, telomerase shortening
(e.g., as a function of culture age) or exposure to DNA-damaging
agents results in activation of p53, which represses p16 and tran-
scriptionally activates p21. The latter protein suppresses apoptosis
and triggers senescence. On the other hand, p53-deficient (Li-
Fraumeni syndrome) fibroblasts respond to stress by upregulating
p16 which suppresses apoptosis and triggers senescence.

among cells within a given senescent culture, with the
majority of cells exhibiting undetectable levels of p16, and
only a small proportion containing extremely high levels.
We have reported similar observations with human normal
and ataxia telangiectasia (AT) fibroblast strains that express
wild-type p53 [42]. Normal and AT fibroblast cultures
entered the state of senescence after approximately 70 and
50 population doublings, respectively. The majority (>90%)
of cells undergoing replicative senescence exhibited strong
nuclear accumulation of p21, but did not express p16 [42].

A different scenario was apparent in Li-Fraumeni syn-
drome (LFS) fibroblast strains. The LFS strains studied by
us are heterozygous for TP53 mutations at either codon 254
(strains 2675T and 2674T) or codon 234 (strain 2800T).
Such mutations result in either compromise (codon 254)
or absence (codon 234) of p53-dependent transcription, as
evident from the ability of the cells to upregulate p21WAF1

mRNA and p21 protein in response to DNA damage [50,
51]. Given that the p53-p21 pathway is a key mediator of
senescence [6], it was of interest to determine the fate of
LFS cells as a function of culture age. Vaziri et al. [52]
reported that strains 2674T and 2675T lose the wild-type
TP53 allele at late passages and (surprisingly) undergo
replicative senescence. We demonstrated that all three LFS
stains undergo replicative senescence after∼80 (2800T),∼90
(2675T), and ∼100 (2674T) population doublings and that
such cells fail to express p21 but express very high levels of
p16 [42]. Early-passage cultures of these LFS strains do not
express p21 or p16.

Collectively, these results led us to propose the model
presented in Figure 2, in which p16 functions in a redundant
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Figure 3: Phase-contrast photomicrographs showing SIPS in breast cancer cell lines that express mutant p53. Cells were exposed to 60Co
γ-radiation (8 Gy) or sham-irradiated (0 Gy), incubated for seven days, and evaluated for features of SIPS (flattened and enlarged cellular
morphology and positive (blue) staining in the senescence-associated β-galactosidase assay).

pathway of replicative senescence in human fibroblasts, trig-
gering this process only in the absence of wild-type p53
activity. This model is consistent with the aforementioned
recent discoveries demonstrating a negative interrelationship
between p16 and p53.

5. p16 Expression in Human Fibroblasts
Undergoing SIPS

In our previous work, ionizing radiation exposure triggered
extensive SIPS but marginal (if any) apoptosis in early-
passage cultures of p53-proficient (normal and AT) and
p53-deficient (LFS) fibroblasts [42]. The proportion of cells
undergoing SIPS after irradiation correlated with the propor-
tion of cells expressing p21 but not p16 in p53-proficient
cultures, and with the proportion of cells expressing p16
but not p21 in p53-deficient (strain 2800T) cultures. These
observations are consistent with the properties of p21 [6] and
p16 (see above), both of which are known to downregulate
the intrinsic-mitochondrial pathway of apoptosis and to
induce senescence. It is important to note that a small pro-
portion (<5%) of cells within cultures of normal and AT
strains did express p16 before radiation exposure which
remained virtually unchanged after irradiation.

In an earlier work, we also determined the relationship
between SIPS and expression of p21 and p16 in normal
human fibroblasts exposed to ultraviolet light (UV). UV
exposure triggered extensive SIPS which was associated with

sustained nuclear accumulation of p21 [53]. Normal fibrob-
lasts did not express p16 before and after exposure to UV
[53].

These observations provide further support for our
model (Figure 2) in which p16 and p53/p21 function in non-
overlapping pathways of senescence.

6. p16 Expression in Human Cancer
Cells Undergoing SIPS

In 1994, several reports demonstrated that the majority
(∼85%) of human cancer cell lines do not express p16 due
to deletion, mutation, or silencing of the INK4A locus [54–
56]. This discovery led to the notion that such cancer cells
might not undergo growth arrest through the process of
senescence. In 1999, however, Chang et al. [57] reported the
induction of SIPS in p16-null and p53 wild-type human
cancer cells (e.g., HT1080 fibrosarcoma) after exposure
to different genotoxic agents, including ionizing radiation.
Numerous reports have since demonstrated the induction
of SIPS by ionizing radiation and chemotherapeutic agents
in different solid tumor-derived cell lines that express wild-
type p53. Among the cell lines studied by us, HCT116,
A172, and SKNSH showed a response to ionizing radiation
similar to normal human fibroblasts in terms of clonogenic
survival, SIPS, and p21 expression [58]. As seen with normal
fibroblasts, these cancer cell lines did not express p16 before
and at different times (between 24 and 96 h) after ionizing
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Figure 4: Relationship between the proportion of senescence-associated β-galactosidase (SA-β-gal)-positive cells, p16-expressing cells, and
p21-expressing cells before and seven days after exposure to γ-radiation (8 Gy). Bars, SE.

radiation exposure (unpublished observation cited in [58]).
Lack of p16 expression in HCT116 cells is consistent with
the presence of a frameshift mutation in one allele of the
INK4A gene, and hypermethylation of the promoter of the
other allele [59]. Like HCT116, the widely used cancer cell
lines A549 and MCF7 that undergo SIPS after DNA damage
express wild-type p53 but do not express p16 [60–62].

These observations, together with our findings with
human normal and LFS fibroblasts suggesting the involve-
ment of p16 in a redundant pathway of senescence [42],
prompted Wang and associates [62] to test whether this
model is also applicable to solid tumor-derived cells. Ionizing
radiation exposure triggered SIPS not only in a p53-wild-
type and p16-deficient cell line (A549 lung carcinoma), but
also in two p16-proficient and p53-mutated cell lines (ABC-1
adenocarcinoma and HCC44 lung carcinoma). Immunoflu-
orescence analysis revealed that the induction of SIPS in these
p16-proficient and -deficient cancer cell lines was associated
with nuclear accumulation of p16 and p21, respectively.
Consistent with our findings with LFS fibroblasts [42], the
induction of p16 in ABC-1 and HCC44 cells was observed
within days following 8 Gy irradiation [62].

We extended these studies to the mutant p53-expressing
cell lines MDA-MB-435s, SKMEL-28, and MDD2; the MCF7
cell line was also evaluated as a control. Both MDA-MB-435s
and SKMEL-28 cell lines lack wild-type p53 activity due to
TP53 mutations, but do express p16 [63–65]. The MDD2
cell line is a variant derived from MCF7 by transfection with
a dominant negative mutant of p53 [66]. Unlike MCF7,
MDD2 cells lack wild-type p53 activity [66, 67]. The results
for seven days after irradiation are presented in Figures
3 and 4. As expected, ionizing radiation (8 Gy) triggered
SIPS in p53 wild-type cells (MCF7), which correlated with
expression of p21 but not of p16. Irradiation of mutant p53-
expressing cell lines also triggered SIPS and, surprisingly, this
response was associated with induction of p21 but not of
p16.

In short, the results discussed above clearly demonstrate
that DNA damage can trigger SIPS in human cancer cell lines
expressing wild-type or mutant p53, and that this response is
associated with nuclear accumulation of p21 in the majority
of cases, and with induction of p16 in some cases. Further
studies are warranted to determine the basis for the nuclear
accumulation of p21 at late times (7 days) after irradiation
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in some cancer cell lines that express mutant p53 and
to elucidate the reason why some p53-mutated cell lines
(e.g., MDA-MB-453 s and SKMEL-24, but not ABC-1 and
HCC44) exhibit the delayed nuclear accumulation of p21
after irradiation but not of p16. It is noteworthy that p21
functions as a repressor in p53-mediated downregulation
of genes such as BCL-2, MCL-1, survivin, and MDR-1
(reviewed in [6]). As a working model, we propose that
p21 might also be responsible for repressing p16, which
might explain why some p16-proficient cell lines that exhibit
nuclear accumulation of p21 after DNA damage do not
concomitantly exhibit nuclear accumulation of p16.

7. Conclusion

Since their discovery in the 1990s, the CDK inhibitors p21
[6] and p16 (Figures 1 and 2) have been shown to exhibit
a variety of biochemical and biological functions, most of
which are independent of their major influence on pRB-
regulated G1-S progression. Herein, we have highlighted the
growing diversity of p16 functions, examined recent studies
that implicate a role for p16 in a redundant pathway of
senescence that operates in cells lacking wild-type p53, and
reported new data demonstrating the complexity of DNA
damage-induced SIPS in human solid tumor-derived cell
lines expressing mutant p53.

At first glance, the findings discussed above may appear
contradictory to several reports which suggested p16-di-
rected senescence induced by different stimuli in p53 wild-
type (e.g., normal) human cells, including SIPS triggered by
DNA-damaging agents (e.g., bleomycin) (reviewed in [3]).
However, it is important to note that the majority of studies
that did not support a role for p16 in SIPS used single-
cell measurements at 7 days (this report) or shorter times
[42, 53, 62] after exposure, whereas most studies that did
support a relationship between p16 expression and SIPS used
global protein measurements and observed significant p16
induction at much longer times (e.g., 30 days) after intro-
duction of DNA damage (e.g., [68]). Thus, it is reasonable
to conclude that p16 might be dispensable for activation and
relatively short-term (several days) maintenance of SIPS in
p53 wild-type cells.

An open question remains: is p16 required for the long-
term maintenance of the SIPS response in cells expressing
wild-type p53? Addressing this question is of particular
importance in the context of cancer therapy in view of a large
body of recent evidence demonstrating that a proportion
of cells undergoing SIPS after DNA damage can eventually
escape this response, giving rise to aneuploid offspring
exhibiting highly metastatic and therapy-resistant properties
(reviewed in [5–7]).
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After more than twenty years of research, the molecular events of apoptotic cell death can be succinctly stated; different pathways,
activated by diverse signals, increase the activity of proteases called caspases that rapidly and irreversibly dismantle condemned cell
by cleaving specific substrates. In this time the ideas that apoptosis protects us from tumourigenesis and that cancer chemotherapy
works by inducing apoptosis also emerged. Currently, apoptosis research is shifting away from the intracellular events within the
dying cell to focus on the effect of apoptotic cells on surrounding tissues. This is producing counterintuitive data showing that our
understanding of the role of apoptosis in tumourigenesis and cancer therapy is too simple, with some interesting and provocative
implications. Here, we will consider evidence supporting the idea that dying cells signal their presence to the surrounding tissue
and, in doing so, elicit repair and regeneration that compensates for any loss of function caused by cell death. We will discuss
evidence suggesting that cancer cell proliferation may be driven by inappropriate or corrupted tissue-repair programmes that are
initiated by signals from apoptotic cells and show how this may dramatically modify how we view the role of apoptosis in both
tumourigenesis and cancer therapy.

1. Introduction

The idea that apoptosis is a homeostatic mechanism that
can act as a counterbalance to cell proliferation is central
to our understanding of programmed cell death (reviewed
by Melino et al. [1]). Inherent in this idea is the existence
of cell-cell signalling that communicates a cell’s behaviour
and fate to those surrounding it. We now have a detailed
understanding of how a range of different stimuli can induce
apoptosis in a cell, which includes the key molecules within
a dying cell that either transduce death signals or actively
destroy the condemned cell. The common theme that
emerges is the activation of specific intracellular proteases
(the caspases) which cleave critical substrates and thus
generate the typical morphological and biochemical changes
of apoptosis. Apoptotic stimuli first trigger the assembly of
protein complexes that are activation platforms for initiator
caspases (such as caspase-8 and -9). Activated initiators
then cleave and activate the precursors of the executioner

caspases (such as caspase-3 and -7) that subsequently act on
the various cellular substrates [2]. This valuable knowledge
provides a robust mechanistic understanding of the cell-
intrinsic mechanisms of death, but it does not explain the
cell-cell communication that couples proliferation and cell
death.

Apoptosis has traditionally been called the silent cell
death because it does not trigger an inflammatory response,
but more recent studies have uncovered evidence of
paracrine signals originating from apoptotic cells. These
studies, which are from several different model systems,
suggest that the appearance of apoptotic cells can constitute
a signal for the proliferation of stem or progenitor cell
populations and that this compensatory proliferation is vital
for the repair and regeneration of damaged tissue. Thus,
apoptosis is far from being a silent cell death, and, even in
death, apoptotic cells seem to play a key function in tissue
homeostasis.
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Figure 1: Apoptotic stimuli activate caspases, triggering the proteolysis of a large number of intracellular substrates. The cleavage of many
of these, including iCAD and lamins, is necessary for the morphological and biochemical changes of apoptosis. Other substrates have as
yet undefined roles, while the cleavage of iPLA2 is critical for the paracrine signalling that induces compensatory proliferation. Cleavage
of iPLA2 increases its activity, so raising the levels of PGE2 and LPC. PGE2 in turn activates EP2 G protein-coupled receptors on stem or
progenitor cells. Intracellular signalling downstream of EP2 activates β-catenin and leads to cell proliferation. LPC and ATP may indirectly
induce compensatory proliferation through the recruitment of macrophages.

2. Apoptosis, Caspases, and Repair
and Regeneration

Studies in Drosophila, Xenopus, planaria, and Hydra have
revealed a role for apoptotic cells in repair and regeneration
[3–6], and the first clear evidence of its role in mammalian
repair and regeneration came from a study using caspase-
null mice [7]. Skin and liver regeneration was investigated by
studying the rate of wound healing in the skin and the rate
of liver regeneration following partial hepatectomy. Li et al.
reported that the loss of caspase-3 and/or caspase-7 markedly
reduced the rate of tissue repair in both instances. Follow-
up in vitro experiments showed that apoptotic cells released
prostaglandin E2 (PGE2) in a caspase-dependent fashion and
that this induced the proliferation of various stem cell types
[7] (Figure 1).

A potential role for apoptosis in the repair and regener-
ation of pancreatic β-cells has also been uncovered [8]. In
this model, caspase activity was also required, although the
signal from apoptotic cells appeared to be membrane-bound
microparticles derived from blebbing cells, and the specific
signalling molecule or molecules involved have yet to be
identified. Nonetheless, these data show that there are likely
to be several different types of signals driving regeneration
that originate from apoptotic cells.

3. Prostaglandins: The Role of Caspases in Their
Generation and Their Effects on Target Cells

Prostaglandins have already been established as playing a
role in tissue repair [9, 10], although their increase in con-
centration was not linked to apoptotic cells. Prostaglandins
are eicosanoids, a group of rapidly synthesized signalling
molecules that play critical roles in inflammation and other
processes. The rate-limiting step in eicosanoid generation is
the conversion of membrane phospholipids to arachidonic
acid by phospholipase A2. Prostaglandins are subsequently
formed by the action of cyclooxygenase enzymes on arachi-
donic acid and can then elicit a range of effects by binding
to G protein-coupled receptors on target cells. They are
also rapidly inactivated, and so, without persistent stimulus
for their generation, their signalling is short-lived. During
apoptosis arachidonic acid is released due to the caspase-3-
dependent cleavage of Ca2+-independent phospholipase A2

(iPLA2), an event that increases the catalytic activity of iPLA2

and raises PGE2 levels [11].

4. PGE2 and Activation of β-Catenin

It is not yet clear how PGE2 induces compensatory prolifer-
ation, but there are clues that implicate β-catenin signalling.



Biochemistry Research International 3

In both zebrafish and mice, stem cell regulation by Wnt/β-
catenin signalling has been shown to require PGE2; thus β-
catenin activation by PGE2 has been described as a master
regulator of stem cells in tissue regeneration [12].

Of the four distinct G protein-coupled receptors to which
PGE2 binds (EP1-EP4; [13]), EP2 has been shown to activate
β-catenin. In the absence of activating stimuli, β-catenin
is found in a cytoplasmic complex with the proteins axin,
adenomatous polyposis coli (APC), and glycogen synthase
kinase-3β (GSK-3β). In this complex GSK-3β phospho-
rylates β-catenin, inducing its ubiquitination and rapid
proteosomal degradation, so preventing β-catenin signalling
[14]. PGE2 binding to EP2 leads to dissociation of the G
protein subunits Gαs and βγ. While Gαs binds to axin, leading
to the release of GSK-3β, the βγ subunits activate AKT which
inactivates GSK-3β by phosphorylation [15].

To this point the focus has been on the role of apoptosis
in normal tissue repair and regeneration; however, there are
many obvious links to tumourigenesis. For example, partial
hepatectomy promotes tumour formation, APC is a tumour
suppressor, and PGE2 is known to contribute to tumour
promotion. In vitro PGE2 increases cellular proliferation and
induces other cell behaviour typical of cancer cells such as
reduced expression of E-cadherin, reduced apoptosis, and
anchorage-independent growth [16]. In addition, EP2-null
mice form fewer lung and skin tumours than wild-type mice
when exposed to chemical carcinogens [17, 18]. Similarly,
mice lacking microsomal prostaglandin E synthase-1 show
reduced colon tumour formation [19]. Since spontaneous
apoptosis of tumour cells is frequently occurring within
tumours [20], it is possible that these phenotypes are, at
least in part, due to an impaired compensatory proliferation
of tumor cells. Therefore, these observations prompt the
following question: what is the role of apoptosis-induced
compensatory proliferation in cancer development and
cancer treatment?

5. Puma, Apoptosis, and Tumourigenesis

The idea that perturbing the balance between death and
proliferation causes disease emerged very early within the
apoptosis research field [21]. Perhaps the best example is
cancer; the observation that cancers often acquire mutations
that prevent apoptosis has been explained by the survival
of precancerous cells (that would otherwise die) giving rise
to neoplasia. However, new data, building on the ideas
of apoptosis-induced compensatory proliferation in normal
repair and regeneration, show that the role of apoptosis in
tumourigenesis does not end with the death of cell.

The first pieces of evidence come from two studies of
lymphoma formation performed in PUMA-null mice [22,
23]. In both studies lymphomagenesis was induced by γ-
irradiation. Both groups also showed that γ-irradiation-
induced apoptosis was markedly reduced in PUMA-null ani-
mals. This is rather unsurprising as PUMA is a proapoptotic
(BH3-only) member of the Bcl-2 family and a key player
in the mitochondrial apoptotic pathway activated by DNA
damage [24]. PUMA acts by either inhibiting Bcl-2 function

or by activating Bax and Bak, so triggering the release of
cytochrome c from mitochondria. The subsequent Apaf-1-
dependent caspase activation induces apoptosis [25].

What is surprising is that, following γ-irradiation,
PUMA-null mice showed decreased tumour incidence. Inter-
estingly, irradiation of wild-type mice resulted in com-
pensatory proliferation of a population of hematopoietic
stem/progenitor cells, but this proliferation was decreased
in PUMA-null animals. The idea that PUMA-dependent
apoptotic cell death was driving the compensatory prolifer-
ation is driven home by one further experiment: Michalak
et al. induced leukocyte apoptosis in PUMA-null animals
with a glucocorticoid (which causes PUMA-independent
apoptosis) and by this means restored γ-irradiation-induced
lymphomagenesis in these animals [22].

Another key piece of evidence comes from a mouse
model of chemical carcinogenesis. Diethylnitrosamine
(DEN) is an DNA-alkylating agent that induces apoptosis
and is also a known hepatocarcinogen. Qiu et al. [26] showed
that DEN treatment of wild-type mice induced hepatocyte
apoptosis which was reduced in PUMA-deficient mice.

Just as was seen in γ-irradiation-induced lymphoma-
genesis, PUMA-null mice showed both decreased tumour
incidence and also decreased tumour size. Qiu et al. also
observed that DEN induced a PUMA-dependent compen-
satory proliferation in the liver. The authors concluded that
the DEN-induced apoptosis causes increased, or compen-
satory, proliferation that drives hepatocarcinogenesis, an idea
consistent with the observations that apoptotic hepatocytes
are often surrounded by proliferating cells following DEN-
treatment [27]. Indeed, the role of compensatory prolif-
eration in DEN-induced hepatocellular carcinoma is well
supported by other studies, although these studies implicate
a major role for inflammation rather than apoptosis in
compensatory proliferation [27, 28]. Interestingly, all these
studies are foreshadowed by observations linking carbon
tetrachloride-induced hepatotoxicity and compensatory pro-
liferation to carcinogenesis, although again, the causal role of
apoptotic cells was not investigated [29].

The signalling events involved in inducing compensatory
proliferation in lymphomagenesis and hepatocarcinogenesis
remain unexplored, so there is as yet no direct link to
PGE2, the key signalling molecule identified by Li et al. [7].
Nonetheless, all the data are consistent with a model in which
carcinogen-induced DNA damage kills some cells by apopto-
sis and that these apoptotic cells generate a proproliferation
signal. This signal then promotes tumourigenesis by acting
on surrounding cells that have acquired oncogenic mutations
as a result of sublethal levels of DNA damage.

6. Radiotherapy, Apoptosis, and
Tumour Repopulation

A similarly provocative idea has been put forward by the
same group that originally described the role of mammalian
caspases in regeneration [30]. Following radiotherapy to kill
cancer cells, there is a rapid proliferation of the surviving
cancer cells that repopulate the tumour. Huang et al. [30]
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Figure 2: Radio- or chemotherapy induces cancer cell apoptosis generating proliferation signals that drive the rapid proliferation of surviving
cancer cells which repopulate the tumour by generating signals that act directly on stem/progenitor cells or by recruiting macrophages (a).
The role of PUMA in compensatory proliferation has led to the suggestion that blocking caspase-mediated cleavage of iPLA2 with small
molecule caspase inhibitors may improve patient outcomes by preventing this compensatory proliferation. However the general applicability
of this model is uncertain for several reasons. Firstly, in Drosophila development blocking apoptosis in some circumstances produces undead
cells whose persistent signalling increases compensatory proliferation (b). Secondly, while caspase inhibitors block apoptosis, the irradiated
or drug-treated cells may still die by nonapoptotic processes or become senescent, which may induce compensatory proliferation as well (c).

investigated the mechanism of this repopulation using a
mouse model and found that it was caspase-3-dependent
and, like tissue regeneration, involved PGE2. Interestingly,
the overexpression of caspase-3 in MCF-7 cells (which
lack caspase-3) increased tumour growth in a xenograft
model, indicating that, even in the absence of therapy,
caspase-3 plays an unexpected protumourigenic role. The
mechanism underlying the increased rate of tumour growth
seen with unirradiated MCF-7 cells overexpressing caspase-3
was not investigated. Huang et al. speculated that the caspase
activation accompanying spontaneous apoptotic cell death
may be the cause of this increased rate in tumour growth.

In the same study the role of stromal cells in caspase-
3-dependent tumour repopulation was assessed using a
syngenic tumour cell line transplanted into wild-type and
caspase-3-null mice. Cells transplanted into wild-type mice
formed larger tumours compared to the cells transplanted
into null animals, suggesting that the tumour cell-stromal
interactions supporting tumour growth are also caspase-3
dependent.

Lastly, Huang et al. [30] investigated the relationship
between levels of activated caspase-3 in clinical tumour
samples and patient outcome. This analysis revealed a

positive correlation between expression of active caspase-
3 in tumours and poorer prognosis in patients with head
and neck carcinoma and advanced breast cancer, adding
weight to the counterintuitive idea that increased apoptosis
contributes to disease progression.

Again, the idea of compensatory proliferation induced
by apoptotic cells was evoked to explain these observations.
In such a model, radiotherapy and chemotherapy induces
apoptosis by activating caspases, either through the “intrin-
sic” or mitochondrial pathway [31] or by RIP-kinase-
dependent activation of caspase-8 [32]. While this apoptosis
does indeed kill the cancer cells, the unintended consequence
is the inevitable increase in proproliferation signalling from
the dying cells. Unfortunately, the result is not normal tissue
regeneration, but the rapid proliferation of surviving cancer
cells that repopulate the tumour (Figure 2(a)). Thus, the
very mechanism of cell death induced by most currently
employed cancer chemotherapy can limit the efficacy of that
therapy.

This provocative idea led Huang et al. to the counter-
intuitive suggestion that treatment of patients with radio-
or chemotherapy supplemented by caspase inhibitors may
improve patient outcomes by blocking caspase-mediated



Biochemistry Research International 5

cleavage of iPLA2 and so prevent compensatory proliferation.
While the toxicity of the caspase inhibitor zVAD-fmk
precludes its in vivo use [33], inhibitors such as Q-VD-OPh
are available and suitable for this purpose [34]. These caspase
inhibitors will, of course, also block cancer cell apoptosis, but
there is reason to think that the combination therapy would
still improve anticancer activity.

7. Caspase Activity Determines the Mode
of Cell Death, but Blocking Activity
Does Not Necessarily Keep Cells Alive

Caspase activity induces apoptosis but blocking caspase
activity does not necessarily rescue cells from cell death.
While caspase inhibitors prevent the appearance of the mor-
phological and biochemical features of apoptosis induced
by anticancer agents, affected cells still die by necrotic or
necroptotic processes. Thus caspase activity can determine
the mode of cell death but not necessarily the choice between
death and survival [35].

Anticancer therapy can also induce necrotic cell death
directly [36] or induce senescence [37]. Necrotic cell death
can promote tumourigenesis through induction of inflam-
mation [38], and senescence is known to generate paracrine
signals that can promote tumourigenesis such as IL-6 and
-8 [39, 40] (Figures 2(b) and 2(c)). However, the data of
Huang et al. [30] from caspase-null animals suggest that
signals derived from apoptotic cells following radiotherapy
are the most important. This is either because apoptosis
was the predominant cell fate induced by radiotherapy or
because paracrine signals from apoptotic cells are more
potent tumour promoters. Whether this is true of other
cancer therapies still needs to be tested through further
investigation of apoptotic and nonapoptotic cell death and
of the generation of tumour-promoting paracrine signalling
molecules in tumours. Testing the generality of these con-
clusions is particularly important as studies of compensatory
proliferation in Drosophila development show that blocking
apoptosis in some contexts can result in “undead” cells
whose persistent signaling increases, rather than decreases,
proliferation [41–45]. Whatever the outcome of such studies,
a consideration of cell death-derived signalling appears to be
necessary when weighing the factors that limit the efficacy of
chemotherapy.

Targeting caspase activity may be attractive as these
proteases drive the apoptotic process and so the production
of signals that induce compensatory proliferation. However,
interfering with the signals themselves may also work, and
this is an attractive alternative as there are already a range of
nonsteroidal anti-inflammatory drugs (NSAIDs) that affect
prostaglandin production. Indeed, NSAIDs have been, and
continue to be, tested for anticancer therapy although not
for the reasons discussed here (there are several different
rationales for testing the anticancer activity of NSAIDs
from their antiangiogenic activity to their ability to reduce
chemotherapy-induced neuropathy [46, 47]). The limitation
of this approach is that other potent regeneration/repair sig-
nals emanating from apoptotic cells, such as microparticles,

may not be sensitive to NSAIDs, and targeting the apoptotic
process itself might therefore be more efficacious.

8. A Conspiracy between Apoptotic
Cells and Immune Cells May Promote
Tumor Development

So far we have discussed how apoptotic cells talk to stem
or progenitor cell populations and so induce tissue repair.
However, there is good evidence that other cell types are lis-
tening to apoptotic cells, notably phagocytes. Thus, apoptotic
cells initiate their own clearance by actively releasing several
soluble factors that attract phagocytic cells. These so-called
find-me signals include the nucleotides ATP and UTP [48,
49], lysophosphatidylcholine (LPC) [50], and sphingosine-
1-phosphate (S1P) [51](reviewed in [52]). Interestingly, the
release of two of these factors has been shown to depend
on caspase activity within apoptotic cells. Release of ATP
occurs via the membrane channel protein Pannexin-1, which
becomes activated by caspase-3/7-mediated cleavage [49]. In
addition caspase-mediated activation of iPLA2 is not only
involved in raising PGE2 levels (as discussed above) but
at the same time leads to LPC production by hydrolysis
of membrane phosphatidylcholine [50]. ATP and LPC are
linked primarily with attracting professional phagocytes such
as macrophages to facilitate clearance of apoptotic bodies.
However, these macrophages also represent a likely source
of wound healing signals [50], such as platelet-derived
growth factors and TGF-β1, that stimulate proliferation of
surrounding epithelial cells and fibroblasts and may also
act on tumor cells themselves [53, 54]. In fact, there is
accumulating evidence from a number of tumor models
to suggest that these macrophages contribute to tumor cell
proliferation and metastasis [55, 56] and thus enhance the
progression of tumors towards malignancy. So, apoptotic
cells appear to promote tissue regeneration and repair
processes by at least two mechanisms: one is a mechanism
involving the generation of signals that act directly on
stem and/or progenitor cells, and the other is an indirect
mechanism that involves recruitment of macrophages which
subsequently release proproliferative factors.

9. How Do These New Ideas Fit with the
Predominant View of Apoptosis in Cancer?

The activation of many oncogenes can induce apoptosis,
and the loss of tumour suppressors can prevent apoptosis,
and this leads to the predominant view that apoptosis
protects us from cancer by removing precancerous cells and
that cancer can only occur when the apoptotic process is
compromised [48]. Similarly, there is much evidence to
show that radiotherapy and chemotherapeutic drugs induce
apoptosis [31], although this is not the only fate that can be
induced.

At first glance, the new idea that apoptosis promotes
tumourigenesis and limits the efficacy of therapy challenges
the predominant viewpoint, but the apparently conflicting
roles of apoptosis are not at all incompatible. Firstly,



6 Biochemistry Research International

a maelstrom of often conflicting changes occurs during
tumourigenesis but the emergence of a tumour represents
selection of cells which have struck a balance between
these changes, that is compatible with cell proliferation.
Depending on the sequence of events that lead to a tumour
being formed, it is possible that at early stages apoptotic
cell death is a promoting event but that the acquisition of
mutations that compromise apoptosis at a later stage drives
disease progression. Indeed, apoptosis or inflammation may
increase PGE2 levels at early stages of the disease, but
autocrine PGE2 production can occur at a later stage of the
disease [49]. Similarly, effective cancer treatment is defined
by the extent of tumour regression, and identification of
an effective therapy suggests that balance between apoptotic
cell death and proproliferation signals from apoptotic cells
favours net cell loss. The new findings suggest that interfering
with apoptosis may push this balance even further towards
cell loss by blocking compensatory proliferation and so
enhance the efficacy of therapy.

10. Final Thoughts

The studies outlined here show that apoptotic cells, far from
being silent, signal their presence to stem and progenitor
cells in surrounding tissue and in doing so elicit repair and
regeneration. This coupling of cell loss with a compensatory
proliferation and differentiation is consistent with current
models of the role of apoptosis in tissue homeostasis.
The obvious corollary is that the activation of corrupted
proliferation and tissue repair programmes in stem cells can
contribute to tumourigenesis, and this is also being borne out
by experimental data.

Intriguing and important as the new findings are, we
should end with some words of caution. The general
relevance of the new roles of apoptosis in tumourigenesis and
therapy has not been tested. Given the diversity of cancers,
it seems likely that the development of some tumours may
involve much apoptosis-driven tumour promotion, while in
others it may be of little importance.

Similarly, it has been assumed that compensatory pro-
liferation induced by radiotherapy will also be induced by
cytotoxic therapy that triggers apoptosis and that the new
findings are therefore relevant to other cancer therapies
[30]. This has yet to be established, and even if it is,
considering the wide range of different chemistries, different
mechanisms of action and different pharmacokinetics and
pharmacodynamics associated with chemotherapy, some
drugs may be better or poorer inducers of compensatory
proliferation.

One obvious difference between radiotherapy and chem-
otherapy is that radiotherapy is typically delivered for a
very short period of time compared to chemotherapy. Thus,
after radiotherapy, compensatory proliferation occurs in the
absence of a continuing apoptotic stimulus. In contrast,
a chemotherapeutic drug may persist at pharmacologi-
cally relevant concentrations over the period of time that
encompasses compensatory proliferation. In this instance,
a cytotoxic drug may kill the activated stem cells as they

proliferate, leading to a second round of cell death. These
deaths in turn may activate a further round of compensatory
proliferation and so on, until the drug’s concentration falls
to subtoxic levels. The outcome in this situation is hard to
predict but will be affected by the sensitivity of the stem cells
to the drug, the proportion of cells that are able to respond
to the paracrine signals and the pharmacokinetics of the
particular drug.

Finally, there are also indications that PGE2 is not
the only method of “beyond-the-grave” communication
undertaken by apoptotic cells [8], nor is β-catenin signalling
the only pathway implicated in compensatory proliferation
[3, 26]. Finding out just how noisy the supposedly “silent
cell death” really is will help in understanding how signals
from apoptotic cells might regulate normal and pathological
processes and build a more complete picture of the apoptotic
process.
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[50] K. Lauber, E. Bohn, S. M. Kröber et al., “Apoptotic cells induce
migration of phagocytes via caspase-3-mediated release of a
lipid attraction signal,” Cell, vol. 113, no. 6, pp. 717–730, 2003.

[51] D. R. Gude, S. E. Alvarez, S. W. Paugh et al., “Apoptosis induces
expression of sphingosine kinase 1 to release sphingosine-1-
phosphate as a “come-and-get-me” signal,” FASEB Journal,
vol. 22, no. 8, pp. 2629–2638, 2008.

[52] K. Ravichandran, “Beginnings of a good apoptotic meal: the
find-me and eat-me signaling pathways,” Immunity, vol. 35,
no. 4, pp. 445–455, 2011.

[53] A. B. Roberts and L. M. Wakefield, “The two faces of
transforming growth factor β in carcinogenesis,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 100, no. 15, pp. 8621–8623, 2003.

[54] L. Barron and T. A. Wynn, “Fibrosis is regulated by Th2
and Th17 responses and by dynamic interactions between
fibroblasts and macrophages,” American Journal of Physiology,
vol. 300, no. 5, pp. G723–G728, 2011.

[55] C. Steidl, T. Lee, S. P. Shah et al., “Tumor-associated ma-
crophages and survival in classic Hodgkin’s lymphoma,” New
England Journal of Medicine, vol. 362, no. 10, pp. 875–885,
2010.

[56] B. Z. Qian, J. Li, H. Zhang et al., “CCL2 recruits inflammatory
monocytes to facilitate breast-tumour metastasis,” Nature, vol.
475, no. 7355, pp. 222–225, 2011.



Hindawi Publishing Corporation
Biochemistry Research International
Volume 2012, Article ID 195903, 14 pages
doi:10.1155/2012/195903

Review Article

Mitotic Kinases and p53 Signaling

Geun-Hyoung Ha1 and Eun-Kyoung Yim Breuer1, 2

1 Department of Radiation Oncology, Stritch School of Medicine, Loyola University Chicago, Maywood, IL 60153, USA
2 Department of Molecular Pharmacology and Therapeutics, Stritch School of Medicine, Loyola University Chicago,
Maywood, IL 60153, USA

Correspondence should be addressed to Eun-Kyoung Yim Breuer, eubreuer@lumc.edu

Received 6 April 2012; Accepted 18 May 2012

Academic Editor: Mandi M. Murph

Copyright © 2012 G.-H. Ha and E.-K. Y. Breuer. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Mitosis is tightly regulated and any errors in this process often lead to aneuploidy, genomic instability, and tumorigenesis.
Deregulation of mitotic kinases is significantly associated with improper cell division and aneuploidy. Because of their importance
during mitosis and the relevance to cancer, mitotic kinase signaling has been extensively studied over the past few decades and,
as a result, several mitotic kinase inhibitors have been developed. Despite promising preclinical results, targeting mitotic kinases
for cancer therapy faces numerous challenges, including safety and patient selection issues. Therefore, there is an urgent need to
better understand the molecular mechanisms underlying mitotic kinase signaling and its interactive network. Increasing evidence
suggests that tumor suppressor p53 functions at the center of the mitotic kinase signaling network. In response to mitotic spindle
damage, multiple mitotic kinases phosphorylate p53 to either activate or deactivate p53-mediated signaling. p53 can also regulate
the expression and function of mitotic kinases, suggesting the existence of a network of mutual regulation, which can be positive
or negative, between mitotic kinases and p53 signaling. Therefore, deciphering this regulatory network will provide knowledge to
overcome current limitations of targeting mitotic kinases and further improve the results of targeted therapy.

1. Introduction

Mitosis involves a highly orchestrated and fine-tuned
sequence of events to properly transfer genetic informa-
tion to the next generation by cell division [1, 2]. It is
usually divided into five phases (prophase, prometaphase,
metaphase, anaphase, and telophase) based on structure and
behavior of the spindle and chromosomes, and cytokinesis
begins at the end of mitosis [1, 3]. This whole process
must be tightly regulated to prevent improper segregation
of chromosomes [4, 5]. For this reason, cells employ a
surveillance mechanism, known as the “spindle checkpoint”
to ensure high fidelity of chromosome segregation in mitosis
by sending a “wait signal” and thus delaying anaphase until
all the chromosomes are properly aligned on the spindle
apparatus (reviewed in [6]). When cells fail to delay anaphase
in response to activation of spindle checkpoint, it will
lead to an earlier anaphase onset, possibly causing chro-
mosome instability, aneuploidy, and tumorigenesis [7–11].

Aneuploidy, an abnormal number of chromosomes, is a
characteristic feature of cancer cells and a common cause
of many genetic diseases [12, 13]. Aneuploid cells occur by
an improper segregation of the chromosomes during cell
division [12, 13]. The most common cause of aneuploidy
is mitotic errors due to defects in “proper” mitotic kinase
signaling in multiple cell cycle checkpoints, resulting in
unfaithful chromosome segregation [12, 14, 15].

Multiple phosphorylation and proteolysis events play
important roles in the regulation of mitotic progression
and cytokinesis [1, 2]. Numerous proteins involved in
these posttranslational events have been identified, including
kinases and cysteine proteases [16–18]. One of the best
understood kinases in the regulation of mitosis is cyclin-
dependent kinase 1 (Cdk1) [2]. Cdks are highly conserved
serine/threonine protein kinases that regulate cell cycle pro-
gression and subsequent cell division in eukaryotic cells and
ubiquitously expressed throughout the cell cycle (reviewed
in [19]). Among all Cdk family members, only five of them,
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Cdk1, Cdk2, Cdk3, Cdk4, and Cdk6, have been implicated
in controlling cell cycle [20, 21]. While other Cdks are
mainly involved in the early phase of cell division, Cdk1
plays a key role in several mitotic processes [2, 21, 22]. The
regulation of Cdk1 has been extensively reviewed elsewhere
[23–25]. Briefly, during the G2/M transition, the activation
of the mitotic kinase Cdk1/Cyclin B phosphorylates a variety
of substrates, such as a kinesin-related motor protein Eg5
[26], lamin [27], and condensin [28], to initiate mitotic
entrance and control its progression and mitotic exit [2, 26,
27, 29]. The kinase activity appears in late G2 and peaks at
metaphase [30]. At the end of the metaphase, the anaphase
promoting complex (APC) (also known as cyclosome,
APC/C), which is an E3 ubiquitin ligase [31], recruits cyclin
B for ubiquitination and degradation to allow mitosis to
proceed [32, 33]. Therefore, it is undoubtful that the perfect
regulation of Cdk1/cyclin B activity is critical for normal
mitotic progression. Since the discovery of Cdks, much
attention has been given to the other mitotic kinases, such as
Aurora kinases, Polo-like kinases (Plks), monopolar spindle
1 (Mps1), benzimidazoles 1 homolog (Bub1), and Bub1-
related kinase 1 (BubR1), due to their pivotal roles in mitosis
[16] as well as the relevance to cancer. Studies indicate that
Aurora kinases and Plks are mainly involved in regulating the
centrosome cycle and mitotic spindle formation, while Mps1,
Bub1, and BubR1 regulate the spindle assembly checkpoint
[34, 35]. Therefore, the tight regulation of their kinase
activities is required for proper mitotic progression, which
is essential for maintaining genomic integrity [5].

Many studies have reported that deregulation of these
mitotic kinases causes mitotic failure and aneuploidy and is
closely associated with genomic instability and tumorigenesis
[2, 36–38]. To defend against tumorigenesis caused by
mitotic failure and guard genome stability, cells have utilized
tumor suppressors, such as p53 [39] and BRCA1 [40] in
a mitotic regulatory network. Because of its importance,
tremendous efforts have been made to better understand
the role of the functional crosstalk between mitotic kinases
and tumor suppressors during mitosis. The p53 is one of
the most frequently mutated or deleted genes in human
cancers and plays a role in many cellular processes, including
cell growth, differentiation, senescence, and DNA repair
(reviewed in [41]). In addition, p53 is a key decision maker
between cell cycle arrest and apoptosis in response to DNA
damage [42, 43]. The loss-of-function of p53 can trigger
an increase in genome instability and cancer predisposition,
suggesting that p53 is essential for the maintenance of
genome stability (reviewed in [44]). The human p53 is
located on chromosome 17 (17 p13) and consists of an N-
terminal transactivation domain, a central specific DNA-
binding domain and a C-terminal domain, containing a
tetramerization domain and regulatory region [45]. At least
20 phosphorylation sites exist in human p53 [46] and
importantly, several N-terminal phosphorylation sites, such
as Ser-15 [47], Thr-18 [48], and Ser-20 [49] are critical
for preventing oncogenic E3 ligase MDM2-mediated p53
ubiquitination and degradation [50]. On the other hand,
phosphorylation at C-terminal and a few N-terminal sites,
such as Ser-362/366 [51] and Thr-55 [52] often suppresses

its tumor suppressive function by destabilizing p53. These
findings suggest that phosphorylation events may play signif-
icant roles in regulating p53 protein stability and function.

Under normal circumstances, cells induce the p53-
dependent transcriptional activation, cell cycle arrest, and
apoptosis in response to mitotic defects or DNA damage
[53, 54]. However, cells lacking functional p53 due to
deregulation of mitotic kinases, such as Aurora A [55], Plk1
[56], and Bub1 [57], do not undergo these cellular events
and thus lead to genome instability, resulting in aneuploidy
[15]. Phosphorylation of p53 by Mps1 [58] and BubR1 [59]
stabilizes p53 and appears to antagonize the function of
Aurora A, Plk1, and Bub1 in p53 signaling. Studies have
shown that p53 can also regulate the expression and function
of these kinases [60–64], suggesting that there may be mutual
regulatory interactions between mitotic kinases and p53 in a
mitotic signaling network (Figure 1).

In this paper, we will specifically focus on the classic
mitotic kinases, including Aurora kinases, Plks, Bub1, Mps1,
and BubR1, and their roles in regulating p53 protein stability
and activity.

2. Negative Regulation of p53

2.1. Aurora Kinases. Aurora kinases belong to a highly
conserved family of serine/threonine kinases crucial for chro-
mosome segregation, condensation, and spindle assembly
[1]. The first Aurora kinase was discovered in Drosophila
melanogaster mutants having defects in mitotic spindle-pole
formation [65]. Subsequently, homologues of Aurora kinases
have been identified in various species. In budding yeast,
there is a single Aurora kinase, known as increase-in-ploidy
1 (Ipl1) [66]. The Ipl1 gene is essential for maintaining
genome stability through its roles in chromosome segrega-
tion, spindle checkpoint, mitotic spindle disassembly, and
cytokinesis [67, 68]. Caenorhabditis elegans has two Aurora
kinases, Aurora/Ipl1-related-1 and -2 (AIR-1 and AIR-2),
and they are thought to be key regulators of mitotic spindle
assembly and dynamics [69, 70]. Three members of Aurora
kinase family, Aurora A, B, and C, have been identified
in mammalian cells [1]. The Aurora kinase family share a
highly conserved C-terminal catalytic domain and a short
N-terminal domain [71], and function in the regulation of
mitosis and cytokinesis [72]. Deregulation of Aurora kinases
causes a defect in spindle assembly, checkpoint function,
and cell division, leading to chromosome missegregation
or polyploidization [73]. Not surprisingly, overexpression
of Aurora kinases is often found in a variety of human
cancers [74–76]. Since the discovery of Aurora kinases, many
efforts have been made to improve our understanding of
their biological and physiological function in mitosis and the
regulatory mechanisms relevant to cancer.

Aurora A is ubiquitously expressed in proliferating cells
and its activity is tightly regulated through the cell cycle [77].
Both the expression level and kinase activity of Aurora A are
significantly increased from the late G2 through the M phase
[74, 78] and become low during interphase [79]. Aurora A
plays a key role in mitotic spindle formation, centrosome
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Figure 1: A model for regulatory networks of mitotic kinases controlling p53 signaling.

maturation [80], and activation of cell cycle regulators, such
as Plk1 [81, 82] and Cdk1 [83]. Deregulated expression and
activity of Aurora A can generate aneuploidy phenotype
due to centrosome amplification and spindle multipolarity
[84]. Numerous substrates of Aurora A have been identified,
including p53 [85], human enhancer of filamentation 1
(HEF1) [86], TPX2 [87], Ajuba [88], Plk1 [81], BRCA1
[89], and transforming acidic coiled-coil 3 (TACC3) [90].
Human p53 is directly phosphorylated by Aurora A at two
sites, Ser-215 [85] and Ser-315 [55], in vitro and in vivo.
Phosphorylation of Ser-215 but not Ser-315 inhibits p53
DNA binding and its transactivational activity [85], whereas
phosphorylation of Ser-315 induces MDM2-mediated p53
ubiquitination and subsequent degradation [55]. These
findings suggest that Aurora A-mediated phosphorylation
of p53 plays a negative regulatory role in p53 protein
stability and its downstream signaling pathways. In response
to DNA damage, p53 interacts with the heterogeneous

nuclear ribonucleoprotein K (hnRNPK), a transcriptional
coactivator of p53, and induces the p53 signaling pathway
[91]. hnRNPK is phosphorylated on Ser-379 by Aurora A and
this phosphorylation disrupts its interaction with p53 [92],
suggesting that Aurora A can indirectly/negatively regulate
p53 function via hnRNPK phosphorylation. Interestingly, a
recent study shows that Aurora A can positively regulate p53
protein expression levels and vice versa [60]. In addition,
Xenopus p53 can block Xenopus Aurora A’s ability to trans-
form cells [61], further supporting the existence of crosstalk
between Aurora A and p53.

Aurora B is a member of the chromosome passenger
complex (CPC), a key regulator of chromosome segregation,
histone modification, and cytokinesis during mitosis [93,
94]. The CPC is composed of Aurora B and its nonenzymatic
regulatory subunits inner centromere protein (INCENP),
Borealin and Survivin [94], required for the activity, local-
ization, and stability of Aurora B [93]. Aurora B governs
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the spindle assembly checkpoint and manages the correct
chromosome segregation and cytokinesis during mitosis [72,
95]. Inhibition of Aurora B results in a failure of mitosis
due to defects in chromosome segregation and microtubule
dynamics [96], leading to endoreduplication and further
polyploidization [97, 98]. Aurora B phosphorylates p53 on
Ser-183, Ser-269, and Thr-284, all located within the p53
DNA binding domain; however, phosphorylation on these
sites does not lead to degradation of p53, instead, phospho-
rylation on Ser-269 and Thr-284 inhibits its transcriptional
activity [46]. These findings suggest that the hyperactivation
or overexpression of Aurora A and B may compromise
p53’s tumor suppressive function via its destabilization and
inactivation.

In contrast to Aurora A and B, the biological function
of Aurora C has not been well-defined. Aurora C was first
discovered in mouse sperm and eggs using a kinase screen
[99]. While Aurora A and B are ubiquitously expressed in
many different tissues and cells, especially actively dividing
cells [98, 100, 101], Aurora C is predominantly expressed
in the testis [99, 102], but not in other normal mouse
somatic tissues and cell lines and mitotic spermatogonia
[103]. In addition, its loss-of-function leads to a failure of
meiosis [103, 104], indicating that Aurora C plays a critical
role in meiosis. Recent studies show that Aurora B and
C have similar structural and functional properties [105].
Inhibition of Aurora C causes aneuploidy, just like Aurora B,
and furthermore, simultaneous inhibition of Aurora B and
C causes a higher frequency of aneuploidy [105]. Aurora
C can also support mitotic progression in the absence of
Aurora B [105]. Moreover, overexpression of Aurora C causes
abnormal cell division due to amplified centrosomes and
micronucleation [101, 106], suggesting that Aurora C may
be involved in mitosis as well. Unlike Aurora A and B, the
role of Aurora C in the regulation of p53 protein stability and
function has not been reported yet.

2.2. Polo-Like Kinase 1 (Plk 1). Plks are a family of highly
conserved serine/threonine protein kinases [107] named
after the polo gene of Drosophila melanogaster, whose muta-
tion causes a high frequency of abnormal mitosis and meiosis
[108]. Subsequently, its homologues have been found in
other species, including Cdc5 in Saccharomyces cerevisiae,
[109], Plo1p in Schizosaccharomyces pombe [110], Plc1, Plc2,
and Plc3 in Caenorhabditis elegans [111, 112], and Plx1, Plx2,
and Plx3 in Xenopus laevis [113–115]. In mammals, five Plks
have been identified: Plk1 (also known as serine/threonine-
protein kinase 13, STPK13), Plk2 (also known as serum-
inducible kinase, SNK), Plk3 (also known as fibroblast-
growth-factor-inducible kinase, FNK; proliferation-related
kinase, PRK; or cytokine-inducible kinase, CNK), Plk4
(also known as SNK akin kinase, SAK or serine/threonine-
protein kinase 18, STK18), and Plk5 [116–125]. All Plks
are abundantly expressed in tissues exhibiting high levels of
mitotic activity [120] and share two conserved domains, an
N-terminal Ser/Thr kinase domain and a C-terminal polo-
box domain (PBD) [107, 126].

It is now widely recognized that Plks are key regulators
of mitosis, meiosis, and cytokinesis [107, 127, 128] as well as

DNA damage response [107, 123, 126]. Deregulation of Plks
leads to centrosome abnormalities, aneuploidy, and genomic
instability [129], possibly leading to cancer development
[130]. This may explain why deregulated expression of Plks
is often detected in many types of cancer (reviewed in [37]).

Plk1 reaches peak expression during G2/M phase and
kinase activity during mitosis [128, 129]. Plk1 is the best
characterized family member among others and plays an
essential role in centrosome maturation and separation
[131], spindle assembly and formation [110], G2 checkpoint
recovery through activating cyclin-dependent kinase [132],
mitotic exit [113], and cytokinesis [133]. Studies have shown
that cancer cells display a higher dependency on Plk1
for cell proliferation and mitosis [134, 135] than primary
cells [136]. Deregulated expression and activity of Plk1
generate abnormal centrosomes [129] and initiate malignant
transformation [137]. Not surprisingly, deregulation of Plk1
is often found in many types of cancer, including melanoma
[138, 139], lung [140], head and neck [141, 142], breast
[143], and ovarian cancer [144] with poor prognosis.
Mounting evidence suggests that Plk1 negatively regulates
p53 through direct and indirect mechanisms [145]. p53
is phosphorylated by Plk1 in vitro and its transcriptional
activity and proapoptotic function are inhibited by direct
interaction and phosphorylation of Plk1 [146]. Plk1 can also
inhibit p53 phosphorylation at Ser-15, which is required
for blocking p53-MDM2 interaction, thereby facilitating
p53’s degradation [56]. Plk1 phosphorylates topoisomerase
I-binding protein (Topors) at Ser-718 [145]. Topors is a
p53 and topoisomerase I binding protein [147]and functions
as both ubiquitin and SUMO-1 E3 ligase for p53 [148,
149]. Phosphorylation of Topors on Ser-718 by Plk1 inhibits
sumoylation of p53, whereas ubiquitination and subsequent
degradation of p53 is enhanced, thereby suppressing p53
function [145]. G2 and S-phase-expressed 1 (GTSE1) is
critical for G2 checkpoint recovery [150, 151] and negatively
regulates transactivational and apoptotic activity of p53
[150, 152]. Phosphorylation of GTSE1 on Ser-435 by Plk1
promotes its nuclear localization and subsequently, shuttles
p53 out from the nucleus to the cytoplasm [151, 152], leading
to p53 degradation and inactivation during G2 checkpoint
recovery [151]. Plk1, p53, and Cdc25C have shown to form
a complex [56, 153]. Plk1 phosphorylates Cdc25C on Ser-
198 [132, 154] and presumably, this phosphorylation may
contribute to p53 destabilization [56, 153]. Interestingly,
there is evidence that p53 can serve as a negative regulator of
Plk1 by binding to the promoter of Plk1 and thus inhibiting
its activity [62, 63].

The Plk2 and Plk3 are serum-inducible immediate early
response genes [155] and activated near the G1/S phase tran-
sition [118, 156]. Evidence suggested that both Plk2 and Plk3
function as tumor suppressors in the p53-mediated signaling
pathways to protect cell from DNA damage or oxidative
stress (reviewed in [157]). Activation of Plk2 is required for
centrosome duplication [156] and may have an important
role in replication stress checkpoint signaling through the
interaction with Chk1, Chk2, and p53 [158]. Plk2 appears
to be a transcriptional target of p53 and its expression is
induced after DNA damage in a p53-dependent manner
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[159]. Promoter analysis has shown the possible existence
of p53 binding homology element (p53RE) in the basal
promoter of Plk2 and furthermore, Plk2 is transcriptionally
regulated by p53RE in human thyroid cells [160].

Plk3 plays an important role in the regulation of mitosis
and DNA damage checkpoint [161, 162]. Its kinase activity
peaks during late S and G2 phase [116]. The gene expression
signature of Plk3 has shown deregulated expression of Plk3
in various types of cancers [122, 163], such as head and neck
squamous cell carcinomas [164] and colon cancer [165].
Overexpression of Plk3 suppresses cell proliferation [166]
and induces chromosome condensation [167]. In response
to DNA damage, Plk3 is activated in an ATM-dependent
manner [162] and subsequently, mediates ATM-dependent
Chk2 phosphorylation and activation [161, 162]. Plk3 also
inhibits entry into mitosis by phosphorylating Cdc25C
[168, 169] and induces p53-dependent apoptosis [169]. In
addition, Plk3 interacts with and phosphorylates p53 at Ser-
20 [169], thereby preventing the interaction between p53 and
MDM2, with the effect of stabilizing p53.

Plk4 shares relatively little sequence homology with other
members of Plks [170]. Plk4 is essential for centrosome
duplication [171, 172] and mouse embryonic development
[173]. Its protein expression peaks during mitosis [174].
The loss-of-function of Plk4 causes a failure of cell division,
possibly leading to aneuploidy and polyploidy, which may in
turn contribute to tumorigenesis [171]. Plk4 interacts with
proteins involved in the cellular response to DNA damage,
such as p53 [175], Cdc25C [176], and Chk2 [177], suggesting
that Plk4 may play an important role in the DNA damage
response signaling [178]. Plk4 also binds to and phosphory-
lates p53 [173, 175, 178], possibly affecting protein stability
and activity of p53 [178], although phosphorylation site(s)
are currently unknown. Overexpression of Plk4 promotes
centriole overduplication [172] and is found in human colon
cancer [179].

A fifth member of the Plk family, Plk5, is mainly
expressed in differentiated tissues, such as the brain, eye, and
ovary [180], whereas it is undetectable in proliferating tissues
[181]. Plk5 is involved in the process of neurite formation
[181] and DNA damage response [123], rather than mitotic
process. Nucleotide sequence analysis of Plk5 shows that
the promoter region of Plk5 contains several p53 binding
motifs; however, no such regulatory mechanisms have yet
been found [123]. Interestingly, recent studies demonstrated
that Plk5 is significantly downregulated by promoter hyper-
methylation in human brain tumors and its overexpression
suppresses cell proliferation and malignant transformation
by Ras oncogene, suggesting that Plk5 may function as a
tumor suppressor gene in brain cancer [123, 181].

2.3. Budding Uninhibited by Benzimidazoles 1 Homolog
(Bub1). Bub1 belongs to a small group of serine/threonine
kinases that play multiple roles in chromosome segregation
and spindle checkpoint during mitosis [182]. Bub1 was
originally identified in genetic screens of Saccharomyces
cerevisiae along with mitotic arrest-deficient 1, 2, and 3
(Mad1, Mad2, and Mad3 (BubR1) in mammals), Bub3, and
Mps1 [183, 184]. All of these proteins play critical roles in the

mitotic checkpoint signaling [183, 184]. Deregulated Bub1
expression and its kinase activity have been associated with
chromosomal instability, aneuploidy, and several forms of
human cancer [185–187]. APC/C is involved in controlling
sister chromatid separation and mitotic exit [188]. Bub1
ensures that activation of APC/C is delayed until all the chro-
mosomes have achieved proper bipolar connections to the
mitotic spindle, by phosphorylating Cdc20, a key regulator
of APC/C activity [189]. Phosphorylation of H2A on Ser-121
by Bub1 in fission yeast prevents chromosome instability via
maintenance and localization of Sgo1 (Shugoshin), a protec-
tor of centromeric cohesion [190–192]. Bub1 interacts with
p53 at kinetochores in response to mitotic spindle damage
and negatively regulates p53-mediated cell death [57]. It has
shown that SV40 large T antigen (LT) phosphorylates p53
on Ser-37 in a Bub1-binding manner [193]. In addition,
purified Bub1 directly phosphorylates p53 on Ser-37 in vitro,
possibly inducing cellular senescence [193]. An interesting
observation has been reported that the loss of both Bub1
and p53 causes a failure in p53-mediated cell death signaling,
thereby leading to the accumulation of cells with aneuploidy
and polyploidy [194].

3. Positive Regulation of p53 Activation

3.1. Monopolar Spindle 1 (Mps1). Mps1 has an essential role
in centrosome duplication, checkpoint signaling, cytokinesis,
and development in organisms from yeast to mammalian
[195–197]. Kinases structurally related to human Mps1
were identified in various organisms, including Mph1p
in Schizosaccharomyces pombe [198], PPK1 in Arabidopsis
thaliana [199], xMps1in Xenopus laevis [200] and mMps1
in mouse [201]. Mps1 acts as a dual-specificity protein
kinase that can phosphorylate serine/threonine as well
as tyrosine residues [198, 202] and is highly expressed
during mitosis [203]. Deregulation of Mps1 causes a high
frequency of chromosome missegregation and aneuploidy
[203, 204] and fails to induce apoptosis in response to
spindle damage [196]. The kinase activity of Mps1 is critical
for maintaining chromosome stability by phosphorylating
other protein substrates [205, 206]. For instance, Mps1 is
crucial for Aurora B activity and chromosome alignment by
phosphorylating Borealin/Dasra B, a member of CPC that
regulates Aurora B [205]. In addition, Mps1 phosphorylates
Blm, which is a bloom syndrome product and a member of
the RecQ helicases [207], at Ser-144 [206]. Blm phospho-
rylation by Mps1 is important for the faithful chromosome
segregation [206]. Mps1 phosphorylates p53 at Thr-18, and
this phosphorylation is critical for the stabilization of p53
by interfering with MDM2 binding [58]. Mps1-mediated
p53 phosphorylation is also required for the activation of
p53-dependent postmitotic checkpoint [58]; thus, inhibition
of Mps1 kinase activity causes a defective postmitotic
checkpoint and chromosome instability [58, 208]. These
findings suggest that Mps1-mediated phosphorylation and
subsequent stabilization of p53 may play an important role
in the activation of p53 after spindle damage as well as the
prevention of aneuploidy/polyploidy [58, 208]. Interestingly,
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Table 1: Mitotic kinases-mediated p53 phosphorylation and the possible consequences.

Mitotic kinases Phosphorylation sites Outcome References

Aurora kinases

Aurora A
Ser-215 Inhibition of DNA binding and transcriptional activity [85]

Ser-315 Protein destabilization [55]

Aurora B
Ser-183 Unknown

[46]
Ser-269/Thr284 Inhibition of transcriptional activity

Aurora C Unknown

Polo-like kinases

Plk1 Unknown Inhibition of transcriptional and proapoptotic activity [146]

Plk2 Unknown

Plk3 Ser-20 Protein stabilization [169]

Plk4 Unknown Possibly affecting protein stabilization and transcriptional activation [178]

Plk5 Unknown

SAC kinases

Bub1 Ser-37 Possibly inducing cellular senescence [193]

Mps1 Thr-18
p53 stabilization

[58]p53-dependent postmitotic checkpoint activation

BubR1 Unknown p53 stabilization [59]

a recent study shows that increased expression of Mps1 is
associated with an increased p53 mutation, a basal-like phe-
notype of breast cancer and a poor prognosis outcome [209].
These findings suggest that both the expression and function
of Mps1 and p53 are highly correlated and critical for
effective and faithful mitosis to maintain genome stability.

3.2. Bub1-Related Kinase 1 (BubR1). BubR1 is the mam-
malian homolog of yeast Mad3 and Bub1 [185, 210]. It
has shown to play an essential role in mitotic checkpoint
activation and subsequent apoptotic events to prevent the
adaptation of abnormal and unstable mitotic cells with chro-
mosome instability [59, 211]. During mitotic checkpoint
activation, BubR1 directly binds to APC/C and Cdc20 and
subsequently, inhibits the E3 ligase activity of APC/C by
blocking the binding of Cdc20 to APC [212], suggesting that
BubR1 plays an essential role in stabilization of kinetochores-
microtubule attachment [213]. Several studies have shown
that BubR1 deficiency causes a loss of checkpoint control,
abnormal mitosis, genomic instability, and tumorigenesis
as well as a compromised response to DNA damage [214].
For instance, mice with BubR1 haploinsufficiency display a
genetic instability phenotype due to underlying defects in
DNA repair and chromosomal segregation [215]. Moreover,
the complete loss of BubR1 leads to early embryonic lethality
[216]. The reduced protein level of BubR1 promotes cellular
senescence in mouse embryonic fibroblasts [217]. Increasing
evidence suggests that a positive regulatory loop between
p53 and BubR1 exits [218]. BubR1 interacts with and
phosphorylates p53, thereby stabilizing p53 in response to
spindle damage [59]. The expression level of p53 protein
is reduced in BubR1-deficient cells, possibly leading to
malignant transformation [214]. In p53-null cells, inhibition
of BubR1 expression enhances chromosomal instability and
polyploidy; conversely, overexpression of BubR1 restores the

checkpoint function, suppresses centrosome amplification,
and selectively eliminates cells with amplified centrosomes
[64]. Interestingly, BubR1 transcription and expression are
largely controlled by p53 [64].Despite of its important func-
tion, mutations of BubR1 in cancers are very rare [1, 219].

4. Conclusions

Thanks to advances in proteomics technology, many of the
substrates for mitotic kinases have been identified, such as
those listed above; however, the functional significance of
these phosphorylation events has not been explored thor-
oughly. Therefore, dissecting the functional consequences of
mitotic kinase-mediated phosphorylation should be given
high priority to better understand their roles in mitosis.

It appears that there is a very well-organized interactive
feedback loop between p53 and mitotic kinases in cell
cycle progression. p53 tightly and negatively regulates the
expression and activity of mitotic kinases, such as Aurora
A, Plk1, and Bub1, thereby inhibiting cell proliferation
and survival signaling in normal mitosis [61–64]. Protein
stability and transcriptional and apoptotic activity of p53
can be also negatively regulated by mitotic kinases-mediated
phosphorylation of p53 (summarized in Table 1) [55, 56, 85,
146]. On the other hand, Mps1 and BubR1 are thought to
be positive regulators of p53 and may have an important
role in antagonizing the function of Aurora kinases, Plk1,
and Bub1 in the regulation of p53 signaling during mitosis
[209, 220]. When this critical feedback loop is disrupted
(e.g., by mutation of p53 or deregulation of mitotic kinases),
p53 cannot be activated when damage occurs to the mitotic
spindle, thereby inducing mitotic slippage and preventing
apoptosis (Figure 1) [221, 222]. Based on these studies, we
speculate that the status of both mitotic kinases and p53 may
be critical for cell fate decisions in mitotic cells.
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Despite promising preclinical data of targeting mitotic
kinases for cancer therapy, many challenges still remain to
be overcome, such as safety issues and selection of patient
population. Studies have demonstrated that current mitotic
inhibitors that target mitotic kinases have major side effects
because mitotic kinases are mainly expressed in actively
proliferating cells (both normal dividing cells and cancer
cells) [2]. Therefore, selecting the right drugs and doses for
right patients may be the key to successful cancer therapy.

Studies have shown that depletion/inhibition of Aurora
A, Aurora B, Plk1, or Bub1 induces cellular senescence or
cell death in a p53-dependent or -independent but p73-
dependent manner in many different cell types [217, 223–
231]. Importantly, p53-deficient/mutated cells are more sen-
sitive to inhibitors targeting Aurora kinases or Plk1 than cells
with wild-type p53, due to a significant increase in cellular
senescence and cell death [227, 231, 232], suggesting that
patients with p53 deficiency and mutations may benefit from
inhibitors targeting Aurora kinases, Plk1, or Bub1. Mps1 and
BubR1-mediated p53 phosphorylation are required for p53
activation to properly induce cell death in a p53-dependent
manner in response to mitotic spindle damage [58, 59, 209].
Inhibition of Mps1 or BubR1 appears to be disabling a p53-
mediated cell death signaling pathway, possibly leading to
accumulation of aneuploid/polyploid cells in response to
mitotic spindle damage or oncogene-induced DNA damage
[59, 217]. Moreover, a recent study shows that deple-
tion/inhibition of Mps1 fails to kill p53-deficient/mutated
cells more efficiently than cells expressing wild-type p53
[233], suggesting that Mps1 or BubR1 inhibition may offer a
better therapeutic benefit for cancer patients expressing wild-
type p53. These finding suggest that the status of p53 is a very
attractive maker capable of selecting patients who will benefit
from these mitotic kinase inhibitors.
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The p53 tumor suppressor induces the transcription of genes that negatively regulate progression of the cell cycle in response
to DNA damage or other cellular stressors and thus participates in maintaining genome stability. Numerous studies have
demonstrated that p53 transcription is activated before or during early S-phase in cells progressing from G0/G1 into S-phase
through the combined action of two DNA-binding factors RBP-Jκ and C/EBPβ-2. Here, we review evidence that this induction
occurs to provide available p53 mRNA in order to prepare the cell for DNA damage in S-phase, this ensuring a rapid response to
DNA damage before exiting this stage of the cell cycle.

1. Introduction

p53 is a DNA-binding transcription factor that activates
genes responsible for a cell-cycle checkpoint or apoptosis
after exposure to ionizing radiation, UV light, or other DNA-
damaging agents [1–3]. The p53 protein is induced both in
terms of its abundance and its activity in response to DNA
damage. Increased levels of p53 protein are largely due to
increased stability of the protein that is regulated through the
loss of association with the MDM2 protein [1–3]. In normal
cells where p53 is found at very low levels, p53 is present in
a complex with MDM2 which targets p53 for degradation
through the ubiquitin pathway [4].

Activation of p53 has been proposed to occur through
a number of mechanisms which include phosphorylation,
dephosphorylation by protein serine/threonine phoshatase-1
[5], acetylation by the transcriptional coactivator p300/CBP
[6], and induced conformational changes mediated by the
prolyl isomerase Pin1 [7–10]. The increase in the level of
active p53 protein leads to an inhibition of entry into S-
phase or the induction of apoptosis [2, 11, 12]. Thus, the
loss or inactivation of p53 results in the loss of cell-cycle

arrest or apoptosis after DNA damage or physiologic stresses.
This loss, seen in many human cancers, has been proposed to
lead to increased genetic instability, increased accumulation
of mutations, and ultimately oncogenesis.

Interestingly, a number of studies indicate that tumor-
derived mutant forms of p53, which are highly expressed
in many cancers, while losing many of their DNA-damage
checkpoint functions, function as active transforming genes
[13, 14]. These mutant p53 genes serve as oncogenes that
contribute to tumorigenesis [15–17].

Ever since Arnold Levine’s group demonstrated that p53
expression was induced upon mitogenic stimulation of
murine fibroblasts [18], and Reed et al. [19] demonstrated
induced expression of p53 upon mitogenic stimulation of
human lymphocytes, and the molecular mechanism respon-
sible for this regulation has remained unexplored. Similarly,
an understanding of the biological significance of this
induction has remained unclear. This is especially true in
light of our current understanding of the role of p53 as a
suppressor of DNA synthesis and inducer of apoptosis.
Although elevated levels of p53 protein have been shown to
lead to either growth arrest or apoptosis in response to
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DNA damage, it might seem anomalous that transcription
of the p53 gene and synthesis of p53 mRNA are low in
cells in G0 and are induced upon induction with mitogens,
with a peak in transcription prior to DNA synthesis and
maximal mRNA synthesis during mid-S-phase. This type of
response has been suggested to be important for a rapid
p53-induced arrest in DNA synthesis in response to DNA
damage at a time when cells are synthesizing DNA and
thus would be most susceptible to DNA damaging events.
In fact, Mosner et al. [20] demonstrated an exceptionally
rapid accumulation of active p53 protein in response to DNA
damage in synchronized cells populations in mid-S-phase.
In this paper, we summarize recent data that describes the
mechanism of cell-cycle regulation of the p53 gene and the
role that this regulation plays in facilitating the DNA damage
response during the S-phase of the cell cycle.

2. Regulation of p53 Gene Expression during
S-Phase of the Cell Cycle

2.1. p53 Transcription Is Induced during S-Phase. The levels
of p53 mRNA increase substantially prior to S-phase as early
as 8 h after serum stimulation and peak at 18 h after serum
stimulation [21, 22]. These results are in agreement with
earlier publications [18, 20, 23]. c-myc mRNA levels are also
increased by 3 h after serum stimulation, while no change in
the levels of p21 or 14-3-3σ mRNA are detected indicating
that while the levels of p53 mRNA is increased, there is no
evidence for active p53 protein being produced.

The 1.7 Kbp murine p53 promoter has been seen to
recapitulate the elevated transcription of the p53 gene when
placed upstream of the luciferase [21]. Eighteen hours after
transfection, the cells were maintained in serum-depleted
medium for 24 h and then serum stimulated in order to
induce S-phase. The 1.7 Kbp promoter decreased in activity
after 24 h of serum depletion with a 4-fold reduction in
expression and demonstrates an induction of promoter
activity with maximal promoter activity after 24 h serum
stimulation and entry into S-phase. Analysis of the region
required for this induction was ultimately narrowed down to
a 20 bp region mapping between −953 and −972 nucleoti-
des upstream of the transcription initiation site [21, 22].
Database searches for transcription factors that may bind
the p53 promoter within this region have provided possible
leads as to what protein(s) are binding the promoter within
this critical element. Two candidates that have proven to be
involved in p53 regulation are C/EBPβ and RBP-Jκ [21, 22].

2.2. C/EBPβ. C/EBPβ is a CCAAT enhancer-binding protein
(35) and is critical for the normal growth and differentiation
of various cell types [24–26]. Three protein isoforms of
C/EBPβ are formed by alternative translation of three in-
frame initiation sites on C/EBPβ mRNA [27–29]. C/EBPβ-
1 is the full-length form of the protein (38 KDa) that con-
tains an intact N-terminal transactivation domain and C-
terminal DNA-binding domain. C/EBPβ-2 (35 kDa) differs
from C/EBPβ-1 by only 21 amino acids at the N-terminus;
however, the N-terminal transactivation domain is still

functional. Both C/EBPβ-1 and C/EBPβ-2 are transactiva-
tors, although only recently have studies addressed their
functional differences. C/EBPβ-3 (21 kDa) completely lacks
the N-terminal transactivation domain and is thought to
repress transcription by complexing with C/EBPβ-1 or =2
and inhibiting their ability to transactivate target genes [27–
29].

Electrophoretic mobility shift assays demonstrated bind-
ing by endogenous C/EBPβ to the p53 promoter [21]. Anti-
C/EBPβ antibody, specific for the C-terminal DNA-binding
domain, when included in the DNA-binding assays, resulted
in a supershift of the bound complex. A C/EBPβ neutralizing
peptide, which blocks the ability of the C/EBPβ antibody
to bind, prevented the supershift and demonstrates the
specificity of the anti-C/EBPβ antibody. To assay for C/EBPβ
binding the p53 promoter during the cell cycle, nuclear
extracts from arrested and serum-treated Swiss3T3 cells were
assayed, and upon growth arrest in G0, there was a decrease
in C/EBPβ binding to the promoter. By 3 h after serum and
entry into S-phase stimulation, binding of C/EBPβ increased
substantially and coincides with increased endogenous p53
mRNA levels and an increase in p53 promoter activity at
3 h after serum stimulation. Finally, it was demonstrated
through the use of ChIP assays that C/EBPβ-2 binding
occurs in vivo in a manner that is similar to the in vitro
binding pattern described above [30]. Transfection studies
have demonstrated that C/EBPβ-2 activated expression of the
p53 promoter upon binding to the identified DNA sequence
[21].

2.3. RBP-Jκ. RBP-Jκ is a 60 kDa DNA-binding transcription
factor that shows a high degree of conservation across species
ranging from Drosophila to human [31]. The factor has been
shown to be a direct target of the Notch receptor which is
central in the regulation of development and differentiation
of numerous cell lineages during mammalian development
[32–35]. Activation of the Notch receptor results in release
of RBP-Jκ from associated corepressors and the recruitment
of coactivators [33, 36, 37]. Thus, in the absence of Notch
signaling RBP-Jκ functions as a transcriptional repressor.

DNA-binding assays performed using nuclear extracts
from Swiss3T3 cells that were growing either exponentially,
serum depleted for 24 hours, or serum stimulated were em-
ployed to test for the presence of RBP-Jκ by adding an anti-
RBP-Jκ antibody to the binding reaction. Maximal RBP-Jκ-
binding activity is observed after cells are serum starved and
arrested in G0 [38]. As p53 mRNA levels start to increase as
cells enter S-phase, RBP-Jκ-binding activity to the regulatory
site on p53 consistently decreases. This supports the findings
that RBP- Jκ acts as a repressor of p53 transcription, since
its binding activity is reduced as cells are released from G0.
Finally, it was demonstrated through the use of ChIP assays
that RBP binding occurs in vivo in a manner that is similar
to the in vitro binding pattern observed. Transfection studies
have demonstrated that RBP-Jκ repressed expression of the
p53 promoter upon binding to the identified DNA sequence
[38].

The results indicate that at least two transcriptional reg-
ulatory proteins bind to the−972/−953 regulatory region on
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the p53 gene and play two very different roles in regulating
transcription of this important tumor suppressor. C/EBPβ-
2 serves to enhance p53 transcription during the transition
from the growth-arrested state to the entry into S-phase,
while RBP-Jκ serves to repress p53 transcription during this
transition. These results suggest that both factors (C/EBPβ-
2 and RBP-Jκ) may work cooperatively or in a coordinated
manner to help regulate the activity of p53 throughout the
cell cycle.

3. p53 -Mediated DNA Damage
Response in S-Phase

3.1. p53-Mediated Induction of Bax and p21 in Response
to DNA Damage. To investigate the rate of the p53 DNA-
damage response as cells enter S-phase, two p53 targets, Bax
and p21, were evaluated by RT-PCR analysis after treatment
of cells with camptothecin, a cytotoxic compound which
inhibits the DNA topoisomerase I resulting in DNA damage
[39]. These experiments showed that both Bax and p21
mRNA levels were induced by 10 to 18 hrs after camptothecin
treatment in exponentially growing cells, while the induction
of Bax and p21 mRNA expression in cells in S-phase was
exceptionally rapid, occurring within 60–90 minutes and
remained 3- to 4-fold higher throughout the experiment.

3.2. Binding of p53 to the Bax Promoter in Response to DNA
Damage. Chromatin immunoprecipitation (ChIP) analysis
was performed in order to examine the rate of binding of
p53 to the Bax promoter in response to DNA damage [39].
Results of a series of ChIP assays demonstrate that in cells
not in S-phase and exposed to camptothecin, the binding
of p53 to the Bax promoter remained constant throughout
the experiment while in cells entering S-phase, an increase
in p53 binding to the Bax promoter is observed after 0.5 hr
of drug exposure and continued to increase over four hours.
These findings indicate that, in response to camptothecin
treatment, Bax levels in cells entering S-phase are expressed
in a more rapid manner than in cells that are not in S-phase.
In response to DNA damage in cells in S-phase, p53 protein
levels increase, bind to the Bax promoter, and cause a more
rapid expression of this proapoptotic regulator.

3.3. Apoptosis during S-Phase. The activity of caspases is one
useful indicator of apoptosis. Therefore, the activities of two
of these proteases, caspases 3 and 7, which are at the end
of the apoptotic cascade, were measured in exponentially
growing, and in cells entering S-phase after treatment with
camptothecin. The activity of caspases 3 and 7 increased
between 3 and 6 h in non-S-phase cells but between 0 and
3 h in cells both in S-phase. In addition to increasing more
rapidly, the overall activity of these two caspases was higher
in cells both in early and late S-phase. These findings indicate
that apoptosis is induced earlier and to a greater extent in
cells subjected to DNA damage during S-phase, during the
period of enhanced p53 transcription [39].

DNA fragmentation is also a marker of late-stage apop-
tosis. Cells were treated with camptothecin and subjected to
a TUNEL assay that labels the end of DNA fragments in cells
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undergoing apoptosis. The results of these assays demon-
strate that by 18 h after drug exposure, the number of cells
in S-phase with fragmented DNA was signifcantly greater
compared to the same time point in non-S-phase cells.

4. Summary

p53 induces the transcription of genes that negatively
regulate progression of the cell cycle in response to DNA
damage or other cellular stressors and thus participates in
maintaining genome stability. Under stress conditions, p53
must be activated to prohibit the replication of cells contain-
ing damaged DNA. Numerous studies have demonstrated
that p53 transcription is activated before or during early S-
phase in cells progressing from G0/G1 into S-phase via a
coordinated expression of two transcription factors, RBP-
Jκ and C/EBPβ-2, that act as a repressor and activator of
p53 gene expression, respectively, through their binding to
the same site on the promoter. In examining the rates of
expression of p53 target genes and the rates of entry into
apoptosis, evidence has accumulated that indicates that this
induction occurs to provide sufficient p53 mRNA to ensure
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a rapid response to DNA damage before exiting S-phase.
Figure 1 is a summary of published data illustrating the
increase in rate of the p53 response when cells are in S-phase.
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Combination effects of docetaxel (DOC) and doxorubicin (DOX) were investigated in prostate cancer cells (PC3 and DU145).
Combination indices (CIs) were determined using the unified theory in various concentrations and mixing ratios (synergy: CI <
0.9, additivity: 0.9 < CI < 1.1, and antagonism: CI > 1.1). DOC showed a biphasic cytotoxicity pattern with the half maximal
inhibitory concentration (IC50) at the picomolar range for PC3 (0.598 nM) and DU145 (0.469 nM), following 72 h drug exposure.
The IC50s of DOX were 908 nM and 343 nM for PC3 and DU145, respectively. Strong synergy was seen when PC3 was treated with
DOC at concentrations lower than its IC50 values (0.125∼0.5 nM) plus DOX (2∼8 times IC50). Equipotent drug combination
treatments (7 × 7) revealed that the DOC/DOX combination leads to high synergy and effective cell death only in a narrow
concentration range in DU145. This study provides a convenient method to predict multiple drug combination effects by the
estimated CI values as well as cell viability data. The proposed DOC/DOX mixing ratios can be used to design combination drug
cocktails or delivery systems to improve chemotherapy for cancer patients.

1. Introduction

Chemotherapy is widely used to treat cancer patients, but
most anticancer drugs show a narrow therapeutic window
[1]. Recent drug discovery and development studies are
focused on maximizing the therapeutic efficacy of potent
anticancer drugs at low dose levels [2]. Targeted drug
treatment and controlled drug delivery are techniques used
widely to achieve effective cancer treatment with reduced
toxicity. Targeted drug treatment is based on the rationale
to use therapeutic agents that act on molecular targets over
expressed in cancer cells, and thus to suppress cancer cell
growth or induce cell death selectively [3, 4]. Controlled
drug delivery is an approach to transport potent therapeutic
agents to disease lesions at the right dose level and time
[5]. In both approaches, cancer patients can benefit from
improved therapeutic efficacy.

We have been developing nanoparticulate drug delivery
systems that carry various therapeutic agents alone or in
combination to tumor tissues [6]. Despite promising
outcomes in preclinical and clinical studies, the therapeutic

efficacy of drug delivery systems appears to heavily rely on
the biological activity of drug payloads. Drug activity is
often determined by the concentrations at the site of action
and the delivery schedule. Drug mixing ratios also become
critical when multiple drugs are used in combination [7].
Multiple drugs can compete with each other for the same
transporter, molecular target, or have conflicting effects on
the cell cycle. Studies suggest that cancer cells are sensitive
to multiple drugs at a certain drug mixing ratio, and that
that optimal mixing ratio must be retained in tumor tissues
to achieve the maximal drug combination effect [8–12].
Therefore, it is critical to identify the optimal combination
settings and study the cellular response in detail.

In this study, we report the combination effects of doc-
etaxel (DOC) and doxorubicin (DOX), anticancer drugs
used widely in clinical applications, on the cell viability of
established human prostate cancer cell lines (PC3 and
DU145) at various drug concentrations and mixing ratios.
DOC is a semisynthetic taxane that inhibits the depolymer-
ization of the microtubules and results in G2/M phase cell
cycle arrest [13–16]. DOX is a member of the anthracyclines,
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which acts by intercalating with the DNA [17–19]. The latter
results in cell death attributed to DNA cleavage mediated by
topoisomerase II (TOP2) and is accompanied by G2/M phase
cell cycle arrest [20]. PC3 and DU145 are used as in vitro
models for the advanced hormone-refractory prostate cancer
(HRPC) [21–23].

HRPC has a low therapeutic response to conventional
chemotherapy [24–26]. DOC appeared to be the most potent
cytotoxic agent used today for the treatment of HRPC
[24, 27–29], yet the reported toxicity is still high. Extensive
optimization of DOC regimens has taken place to reduce
drug toxicity, yet the drug efficacy also became variable [30].
A number of clinical trials have shown that combination of
DOC and anthracyclines would benefit HRPC patients by
sensitizing cancer cells at lower DOC doses [13, 14, 31–36].

DOC has been concurrently used with other anticancer
drugs, such as prednisone, mitoxantrone, and estramustine
to treat prostate cancer [36–40]. Previous in vitro studies
showed that pretreatment with DOC rendered cancer cells
(BCap and OV2008) more sensitive to the DOC/DOX
combination [41]. Synergy between DOC and anthracyclines
was seen previously in in vitro studies [42–44]. DOC was
synergistic when combined with DOX or epirubicin at dose
levels equal to their IC50 values in PC3, DU145, and LnCap
cells [43]. Despite promising results in vitro, DOC-based
drug combinations need to be explored further.

The major advantage of combination therapy is avoiding
unnecessary toxicity through drug synergism. The combina-
tion effects of multiple drugs are frequently evaluated using
the unified theory [45, 46]. According to the theory, synergy
is concluded when the combined use of multiple drugs at
specific dose levels leads to therapeutic efficacy equivalent to
or greater than the sum of the antitumor effects achieved by
each drug individually at the same dose levels.

Although drug regimens are dependent on the dosing
schedule [47], this study is focused on either single-drug
treatments or multiple-drug treatments of DOC and DOX
at various mixing ratios. Four combination settings are
being tested by adjusting the ratios between DOC and DOX
(DOC/DOX) that range between 10−6∼108. Moreover, the
nature of the DOC/DOX combination is studied when the
drug concentrations are fixed for both of them at their half
maximal inhibitory concentrations (IC50). We expect that
the optimal mixing ratios determined in this study would be
used to propose not only a new therapeutic regimen, but also
promising drug combination delivery systems.

2. Materials and Methods

2.1. Materials. Docetaxel (DOC) and doxorubicin (DOX,
hydrochloride salt) were purchased from LC Laboratories
(Woburn, MA). Dimethyl sulfoxide (DMSO, molecular biol-
ogy grade,≥99.9%) and resazurin sodium salt were obtained
from Sigma Aldrich (St Louis, MO). Sodium hydroxide
(NaOH), sodium chloride (NaCl), and anhydrous sodium
phosphate dibasic (Na2HPO4) were from VWR (West
Chester, PA). Sodium phosphate monobasic dihydrate
(NaH2PO4·2H2O) was obtained from Fisher Scientific (Fair

Lawn, NJ). Phosphate-buffered saline (PBS, 0.1 M, pH 7.2,
0.9% NaCl) was prepared in house as a mixture of NaCl,
Na2HPO4, and NaH2PO4·2H2O. The pH was adjusted to 7.2
with 1 M NaOH.

2.2. Drug Formulations. DOC was dissolved in DMSO at
10 mg/mL (stock solution) and DOX stock solutions (10 mg/
mL) were prepared by dissolving the drug in sterile deionized
water (DI H2O). Stock solutions were stored in several
aliquots at−20◦C to avoid repetitive freeze-thaw cycles. DOC
and DOX stock solutions were serially diluted using DMSO
and DI H2O, respectively, to prepare drug working solutions.
Working solutions were diluted 100 times with cell-culture
media before treatment as described below.

2.3. Cell Lines. Human prostate cancer cell lines PC3 (pros-
tate grade IV adenocarcinoma, CRL-1435) and DU145
(prostate carcinoma, HTB-81) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA).
PC3 and DU145 were cultured in F12K (ATCC, Manassas,
VA) and RPMI 1640 (Atlanta Biologicals, Lawrenceville, GA)
media, respectively. The cell culture media were supple-
mented with 10% fetal bovine serum (FBS) in the presence
of penicillin (100 U/mL) and streptomycin (100 μg/mL).
FBS, Penicillin, Streptomycin, and 0.25% trypsin/EDTA were
from Gibco-Invitrogen Corporation (Carlsbad, CA). Cells
were maintained in the logarithmic growth phase at 37◦C
in a humidified atmosphere containing 5% CO2 at all times.
Cells were tested routinely for mycoplasma contamination.
PC3 (5,000 cells/well) and DU145 (3,000 cells/well) were
seeded in 96-well plates and allowed to adhere overnight
prior to drug exposure. After preincubation, the cell culture
media were replaced with drug-containing media. The cells
were exposed to drugs for 72 hours, followed by cell viability
assessment for single and combination drug treatments as
described below.

2.4. Drug Treatment. We first determined the half maximal
inhibitory concentration (IC50) values of DOC and DOX
for each cell line. Drug concentrations ranged from 10−4 to
105 nM for the single-drug treatment. Multiple-drug treat-
ment effects were then evaluated in four combination
settings (Figure 1). Both DOC and DOX concentrations were
variable in Combination 1 and Combination 2. Combination
3 and Combination 4 were designed to investigate combina-
tion effects of one drug when the IC50 value of the other
drug remained fixed. In Combination 3, cells were treated
at the fixed IC50 of DOC in combination with variable DOX
concentrations. Cells in Combination 4 were exposed at the
fixed IC50 dose level of DOX as DOC concentrations were
variable. Combination effects of DOC and DOX were further
investigated at equipotent concentrations of the IC50 values
for each drug (7× 7 combination).

2.5. Cell Viability Assay. Cell viability was assessed using a
resazurin assay that indicates mitochondrial metabolic activ-
ity in live cells [48, 49]. Briefly, 10 μL of a 1 mM resazurin
solution in PBS was added to the vehicle- and drug-treated
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Figure 1: Drug combination settings used in this study. PC3 and DU145 cells were exposed to DOC and DOX at various concentrations and
mixing ratios for 72 hours. Dots on the lines denoted as Combination 1, 2, 3, and 4 indicate data points used to determine the combination
index and cytotoxicity values.

cells at the end of the treatment period. Cell viability was
determined three hours later by reading the fluorescence at
560 nm (Ex)/590 nm (Em). The fluorescence signals were
quantified using a Spectramax M5 plate reader (Molecular
Devices) equipped with a SoftMaxPro software.

2.6. Data Analysis. GraphPad Prism (version 5.02 for Win-
dows, GraphPad Software Inc., San Diego, USA) was
employed to produce dose-response curves by performing
nonlinear regression analysis. The viability of the treated cells
was normalized to the viability of the untreated (control)
cells, and cell viability fractions were plotted versus drug
concentrations in the logarithmic scale. IC50 values were
reported as mean values. The unified theory, introduced
byChou [45, 46], was used to evaluate the synergy, additivity
and antagonism of the DOC/DOX combination in PC3 and
DU145 cells. Combination index (CI) values were deter-
mined using the following equation:

CI = [DOC]
[DOC]x

+
[DOX]
[DOX]x

+
[DOC]× [DOX]

[DOC]x × [DOX]x
. (1)

We used the mutually nonexclusive model, based on the
assumption that drugs act through entirely different mecha-
nisms of action. [DOC] and [DOX] are drug concentrations
of DOC and DOX in combination, inhibiting x% of cell
viability. [DOC]x and [DOX]x are the doses of DOC and
DOX alone, respectively, inhibiting x% of cell viability. CI
values were used to determine synergy (CI < 0.9), additivity
(0.9 < CI < 1.1), and antagonism (CI > 1.1) of the drug
combinations tested.

Experiments were conducted in triplicate (n = 3) with 6
replications at each drug concentration level (r = 6).

3. Results

3.1. Single-Drug Treatment. IC50 values of DOC and DOX
alone were determined in PC3 and DU145 as summarized
in Table 1. DOC showed IC50 of 0.598 nM and 0.469 nM
for PC3 and DU145, respectively. Dose-response curves in
Figure 2, however, indicate that no complete cell death was
seen in either of the cell lines treated with DOC up to 103 nM
(Figures 2(a) and 2(c)). Cell viability decreased significantly
as DOC concentrations increased to 105 nM. Biphasic dose-
response curves revealed that the half effective dose (EC50)
values of DOC between the first and second phase were
significantly different (Table 1). Precise determination of the
EC50 values of DOC was unsuccessful in the second phase
(EC50 (2)) because we could not test concentrations higher
than 105 nM due to the precipitation of DOC in the cell
culture media. The IC50 values of DOX were estimated equal
to 908 nM and 343 nM for PC3 and DU145, respectively.
Although the IC50 values of DOX were higher than those
of DOC in both cell lines, DOX induced cell death in a
dose-dependent manner described by a monophasic dose-
response curve (Figures 2(b) and 2(d)). These results indicate
that the potency of each drug cannot be compared directly
simply by using the IC50 values. Therefore, we used DOC at
a dose level equal to the EC50 (1) value when combined with
DOX. Overall cytotoxicity trends show that DU145 is more
sensitive to DOC and DOX single-drug treatments than PC3.
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Figure 2: Dose response curves. PC3 and DU145 cells were exposed to either DOC (a) and (c) or DOX (b) and (d) for 72 hours, followed
by the resazurin assay to determine cell viability (mean ± SD, n = 6).

Table 1: Cytotoxicity of docetaxel (DOC) and doxorubicin (DOX) in hormone-refractory PC3 and DU145 cancer cell linesa. IC50 values
are given as mean.

PC3 DU145

IC50b EC50 (1)c EC50 (2)c IC50b EC50 (1)c EC50 (2)c

DOC (nM) 0.598 0.500d 92,000d 0.469 0.392 104,000d

DOX (nM) 908 N.D. N.D. 343 N.D. N.D.
a
Cells were treated with either DOC or DOX alone.

bIC50 denotes the half maximal inhibitory concentration.
cEC50 (1) and EC50 (2) indicate the half effective concentrations in the first (1) and second (2) phase of the biphasic curve used to fit the cell viability data.
dApproximate estimation due to insufficient data points.
N.D: Not determined.

3.2. Synergy of Multiple Drug Combinations. Figure 3 shows
the synergy maps of the DOC and DOX combination, and
Figure 4 represents the cytotoxicity of the drug combinations
for PC3 and DU145.

Drug synergy and significant cell death (∼60%) was
seen in PC3 at 104 nM DOC and 103 nM DOX. However,
the DOC concentration was too high to take advantage of
the drug combination in terms of achieving our goal of
obtaining the desirable therapeutic effect by administering

low doses of the drugs in combination. We observed
moderate cytotoxicity on the PC3 (49∼58% cell death) at the
concentration levels of DOC and DOX equal to their IC50
values. Moreover, drug synergy was observed when PC3 cells
were treated with low doses of DOC in combination with
DOX doses approximating its IC50 values. Drug synergy was
accompanied by effective cell death (>50%) at DOC levels
varying from 0.01 to 10 nM, while the DOX dose was equal
to its IC50 value.
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Figure 3: Synergy maps compiling combination index (CI) values. The dots in the figure indicate antagonism (CI > 1.1, red), additivity
(0.9 < CI < 1.1, yellow), and synergism (CI < 0.9, green) between DOC and DOX against PC3 and DU145 cells at combination settings
shown in Figure 1. Experiments were performed in triplicate.

DOC/DOX combinations in DU145 appeared additive or
antagonistic in most combination settings (Figure 3). How-
ever, synergy was observed in the DU145 at the highly limited
concentration range of 0.5 nM DOC plus DOX between 1–
50 nM. Cell death reported on the DU145 was 11∼33%
for the synergistic combinations (Figure 4). Interestingly,
significant cell death was noted when doses of DOC ranging
from 1 to 104 nM combined with 343 nM of DOX (>80%)
(Figure 4). Nevertheless, all those mixing ratios proved to be
antagonistic (Figure 3).

These results demonstrated that the DOC/DOX combi-
nation was synergistic in PC3, while synergy was seen in
limited concentration levels in the DU145.

3.3. Synergy of the 7 × 7 Combination. We further inves-
tigated DOC/DOX combination effects by exposing the
prostate cancer cells to DOC/DOX mixing ratios at seven
dose levels (7×7 combination) (Figures 5 and 6). These drug
concentrations were selected based on predetermined IC50
values for each drug (data not shown). Figure 5 shows the
synergy maps, indicating that the DOC/DOX combination
effects can be controlled by simply changing the mixing
ratios of two drugs at their IC50 values. PC3 were sensitive
to the combination of low doses of DOC varying from 0.125
to 0.5 nM (25∼100% of DOC IC50) with 2,000∼8,000 nM
DOX (2∼8 fold of DOX IC50). In DU145, the DOC/DOX
combination showed strong synergy only when 0.125 or

0.25 nM DOC was combined with 1,372 nM DOX (4-fold
DOX IC50) (Figure 5). Although DOX appeared to make
prostate cancer cells more susceptible to DOC, by decreasing
the DOC doses necessary for cell death, the observed cell
death never exceeded 80% in either of the cell lines used.
Data collected regarding the combination index values and
the cytotoxicity presented on Figures 5 and 6, respectively,
also suggests that in the DU145 cell line, the DOC/DOX
combination might have a narrow mixing ratio window for
exerting its antitumor activity effectively.

4. Discussion

4.1. DOC/DOX Combination in Prostate Cancer In Vitro
Models. Prostate cancers that no longer respond to hormone
therapy are categorized as hormone-refractory and are typ-
ically accompanied by metastatic lesions. DOC is one of the
most potent anticancer drugs for HRPC treatment [27, 28],
yet its clinical applications are limited due to low bioavail-
ability and high toxicity. DOX is widely used clinically for
the treatment of various cancers and has been used in
the past in prostate cancer patients [31, 50–53]. In this
study, we investigated the cytotoxic effect of the DOC/DOX
combination on metastatic prostate cancer cells derived from
the bone (PC3) and brain (DU145).

A number of studies [43, 47], including our own, have
shown that DOX causes dose-dependent cytotoxicity in
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Figure 4: Drug combination cytotoxicity. The grayscale dots in the figure show average percent cell death of PC3 and DU145 cells at each
combination setting from triplicate experiments shown in Figure 3.
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cells exposed to DOC and DOX for 72 hours.
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Figure 6: Focused drug combination cytotoxicity. The grayscale dots in the figure demonstrate percent cell death of PC3 and DU145 with
7× 7 DOC/DOX combination settings.

cancer cells. We also confirmed that the cytotoxic profile of
DOX is a monophasic one on both cancer cell lines. In respect
to DOC, our data are in agreement with previous findings
that showed biphasic cellular response of breast cancer cell
lines to DOC [54]. At low dose levels, DOC is known to cause
nonapoptotic cell death, which is accompanied by senes-
cence, necrosis, and mitotic catastrophe [54–57]. Mitotic
catastrophe is cell death occurring during metaphase and
distinct from apoptosis-related cell death observed at DOC
concentrations at the micromolar range. Therefore, we
hypothesize that the initial decrease on the observed cell
viability (EC50 (1)) is due to mitotic catastrophe, while
apoptosis is the cause for the cell death observed at DOC
concentrations higher than 10 μM (Figure 2). Interestingly,
pharmacokinetic studies have shown that the recommended
administration schedule of DOC results in drug blood levels
in the micromolar range [58, 59]. Therefore, it is safe to
attribute the observed antitumor activity of DOC in the
clinic to DOC-induced cell apoptosis.

DOC and DOX cause cytotoxic effects through com-
pletely different mechanisms of action. DOC and other
taxanes act by binding to microtubules and change the for-
mation of the cell cytoskeleton and cell signaling [15]. Fur-
thermore, DOC treatment leads to phosphorylation of the
antiapoptotic protein Bcl2 [16], preventing the protein from
dimerizing with its proapoptotic partner Bax. The readily
available Bax forms homodimers instead and induces apop-
tosis. Topoisomerase II inhibitors, including DOX, primarily
induce cell death through DNA damage [17, 19]. They are

also known to induce free-radical DNA injury and lipid
peroxidation [60, 61]. Additionally, the interaction between
anthracyclines and the cytoskeleton has been studied [62].
DOX is known to delay G-actin polymerization and prevents
the elongation of small actin filaments performed during
the polymerization in vitro [63]. Therefore, cells in dynamic
movement or mitosis could be more susceptible to DOX
treatment. G-actin rearrangement failed in breast cancer cells
treated with cytochalasin B, a microtubule inhibitor, being in
combination with DOX [64]. These results suggest that the
mechanisms of action of DOC and DOX are not distinctively
independent and that actin could be a potential target that
can be inhibited cooperatively by DOC and DOX in drug
combinations tested in this study.

4.2. Clinical Impact of the Multiple Drug Combination. The
antitumor activity of a cytotoxic agent depends on the drug
levels at the tumor site. The presence of the anticancer agent
at an optimal concentration is essential for interaction with
its target and for inducing a pharmacodynamic effect. More-
over, intracellular metabolism, interaction with transporters,
and interactions with concomitantly given anticancer agents
may have an impact on the pharmacokinetic profile of a
cytotoxic agent. For these reasons, we investigated the cellular
response of PC3 and DU145 to the DOC/DOX combination
by varying the concentrations and mixing ratios of the
drugs (Figure 1). In Figure 3, we calculated the combination
index (CI) values of DOC/DOX combination and deter-
mined synergism, additivity, and antagonism. The effect of



8 Biochemistry Research International

the DOC/DOX combination on the cell viability is presented
on Figure 4. The information collected by both the synergy
maps and the DOC/DOX-induced cell death for the various
drug mixing ratios provided us with a more thorough under-
standing of the potential in vivo cytotoxic effect of the afore-
mentioned drug combination. It was revealed that cell death
at high drug concentrations was not always attributed to
effective drug combinations. In most cases, drug antagonism
was observed at dose levels greater than the IC50 values
of each drug. In PC3, strong drug synergism and effective
cell death (>50%) were seen in concentration ranges close
to the IC50 value of each of the drugs. Interestingly, the
DU145 cell line was more sensitive to DOC or DOX alone
but showed greater cell survival when the two drugs were
combined. Further studies are necessary to elucidate the
cellular mechanisms behind the limited cellular response of
DU145 when treated with the DOC/DOX combination.

4.3. Clinical Significance of the Synergy Observed with the
7 × 7 Combination. The DOC/DOX combination was pre-
viously tested in breast cancer in vitro models, using 5 nM
DOC and 100 nM DOX [41]. In our study, the nature of
the DOC/DOX combination was assessed in more detail
at various mixing ratios of DOC and DOX concentrations
equal to their IC50 values. Synergy was seen in a broad drug
concentration range in PC3, while only limited combination
settings induced synergistic effects in DU145 (Figure 5). Fig-
ure 6 indicates that cell death of potential clinical significance
was observed at dose levels greater than the IC50 values for
DOX. This finding is more pronounced in the PC3 cell line.

We found that DOC can be potent in prostate cancer at
nanomolar concentrations by using DOX as a combination
counterpart, although the anthracycline is 1000 times less
toxic than DOC. We were able to identify fewer cases of
synergy in the DU145 than in the PC3 cell line. We observed
strong synergy at DOC dose levels lower than its IC50
value plus DOX at dose levels 2–4-fold higher than its IC50
in both PC3 and DU145, suggesting that the significantly
low DOC concentrations would be sufficient to trigger the
synergistic effects of the drug combination. These results are
important because concentrations equal to the IC50 values
for each cytotoxic agent can be achieved in the clinical
setting [58, 59, 65, 66]. However, the efficacy of the drug
combination represented as cell death remained lower than
75%, indicating that DOC/DOX combinations are moder-
ately cytotoxic. To conclude, even though complete cell death
was not seen in our studies, the DOC/DOX combination
could potentially benefit prostate cancer patients by reducing
the DOC-mediated toxicity. We expect that the therapeutic
efficacy of the proposed DOC/DOX combination will be
enhanced by further optimization of the regimen.

5. Conclusions

In this study, we identified optimal combination settings
for DOC and DOX, anticancer drugs commonly used in
clinical applications, in hormone-refractory prostate cancer
cells (PC3 and DU145). Strong drug synergy was seen at dose

levels lower than the IC50 values of DOC in combination
with 2∼4-fold IC50 values of DOX. In comparison to existing
cytotoxicity assays that evaluate drug potency simply by
using IC50 values, the synergy maps allowed facile and rea-
sonable evaluation of the drug combination effect, irrespec-
tive of the monophasic or biphasic cytotoxicity patterns of
drugs used in combination. By combining information that
includes the combination index values and the cytotoxicity
observed, we were able to identify drug ratios of DOC and
DOX that could be potentially worth testing in future in vivo
studies. We also found that drug synergy was not always cor-
related with cell death when a drug with high potency (DOC)
was used at dose levels higher than its IC50 in combination
with a less potent drug (DOX). Our study demonstrated
optimal concentration ratios of DOC and DOX in combi-
nation for the treatment of PC3 and DU145, which could
improve chemotherapy for prostate cancer patients and can
be used for the design of a multiple-drug delivery system
in the future. In conclusion, the combination of DOC with
DOX evaluated in this study potentiates the cytotoxic proper-
ties of DOC given at significantly reduced doses compared to
the clinically relevant ones, and thus could potentially protect
cancer patients from unnecessary DOC-related toxicity.
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The regulator of G-protein signaling 5 (RGS5) belongs to a family of GTPase activators that terminate signaling cascades initiated
by extracellular mediators and G-protein-coupled receptors. RGS5 has an interesting dual biological role. One functional RGS5
role is as a pericyte biomarker influencing the switch to angiogenesis during malignant progression. Its other functional role is
to promote apoptosis in hypoxic environments. We set out to clarify the extent to which RGS5 expression regulates tumor
progression—whether it plays a pathogenic or protective role in ovarian tumor biology. We thus constructed an inducible gene
expression system to achieve RGS5 expression in HeyA8-MDR ovarian cancer cells. Through this we observed that inducible
RGS5 expression significantly reduces in vitro BrdU-positive HeyA8-MDR cells, although this did not correlate with a reduction
in tumor volume observed using an in vivo mouse model of ovarian cancer. Interestingly, mice bearing RGS5-expressing tumors
demonstrated an increase in survival compared with controls, which might be attributed to the vast regions of necrosis observed
by pathological examination. Additionally, mice bearing RGS5-expressing tumors were less likely to have ulcerated tumors. Taken
together, this data supports the idea that temporal expression and stabilization of RGS5 could be a valuable tactic within the context
of a multicomponent approach for modulating tumor progression.

1. Introduction

The regulator of G-protein signaling 5 (RGS5) belongs to a
family of GTPase activators and signal transduction mol-
ecules that negatively regulate the function of G-proteins.
In other words, RGS proteins terminate cellular signaling
cascades initiated by extracellular mediators that bind to
and activate G-protein-coupled receptors. More specifically,
RGS5 binds to G alpha (i), (q), and (o) subunits within het-
erotrimeric G-proteins to terminate signaling and is located
along the plasma membrane and within the cytosol [1].
RGS5 was isolated in 1997 from mouse pituitary, although
its preferential expression is in the heart (particularly aorta),
skeletal muscle, lung, small intestine, and thyroid [2, 3]. Rgs5
is located at 1q23.1, a region on chromosome 1 of interest

for lipid metabolism [4], hypertension [5, 6], blood pressure
regulation [7], severity of schizophrenia symptoms [8], and
association with SNPs that have specific effects dependent
upon genetic background [9].

Using a platelet-derived growth factor knockout mouse
model and comparing it to the gene expression of wildtype
mice, Bondjers et al. were the first to identify RGS5 as a
biomarker of pericytes [10], cells that wrap around the walls
of capillaries. Pericytes are thus involved in the regulation
of blood flow and the transformation of new blood vessels.
Berger et al. verified that RGS5 is an angiogenic pericyte
marker and a component involved in the switch to angiogen-
esis during malignant progression [11], with context-specific
expression (i.e., during wound healing). Mitchell et al. con-
firmed that the expression of RGS5 is temporally upregulated
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during pathological angiogenesis, at approximately 5-6 days
after corneal scraping, a period when the nascent vessel
sprouts acquire their pericyte covering [12].

Looking more broadly at the gene expression of RGS5 in
malignant tumors produces mixed results. Nearly an equiva-
lent number of microarray expression experiments archived
in the European Bioinformatics Institute Atlas report that the
gene is overexpressed or underexpressed. The interpretation
of these mixed results portrays a complex association with
intratumor heterogeneity, where gene expression is highly
dependent on location [13] and in the specific example of
RGS5, also on several other factors, including hypoxia and
vascular remodeling.

However, other reports offer more clearly defined expla-
nations. For example, a study by Silini et al. showed that a low
level (<1%) of RGS5 fluorescence covered the normal ovary,
whereas RGS5 increased to 7.3% coverage in ovarian car-
cinoma specimens from patient biopsies. Furthermore, the
staining pattern of RGS5 coincided with vessel-like struc-
tures, which is suggestive of a biomarker for cancer vascu-
lature and consistent with RGS5 expression predominantly
resulting from the vascular endothelium of carcinoma [14].
Therefore, RGS5 levels could be expected to vary according
to the extent and stage of tumor vascularization, perhaps
explaining the gene expression variability for RGS5 among
single-biopsy specimens.

Not surprisingly given its association with the vascula-
ture, RGS5 is also significantly affected by hypoxia, which
is a response initiated by cells in low-oxygen environments
that would otherwise succumb to toxic anoxia and cell death.
Cancer cells in solid tumors are notorious for adapting to
hypoxic environments by downregulating mitochondrial
function [15] and shifting to aerobic glycolysis [16]. Inter-
estingly, Jin et al. showed that endothelial cells exposed to a
hypoxic environment (<1% oxygen) display an increase in
both mRNA and protein expression of RGS5 beginning at
30 min after exposure and tapering off around 24 hours. Fur-
thermore, they identified RGS5 as a hypoxia-inducible gene
that stimulates apoptosis and is regulated by the alpha sub-
unit hypoxia-inducible factor-1 (HIF-1α) [17]. The HIF-1
heterodimeric transcription factor is an important regulator
of angiogenesis because it causes the expression of numerous
target genes (VEGF, PDGF, TGF-α, PDK1, COX4I2, etc.)
which are involved in neovascularization, erythropoiesis,
glucose transport, and energy metabolism [18]. Overexpres-
sion of VEGF and HIF-1α has been associated with a poor
prognosis in ovarian cancer and breast cancer patients [19].

Further studies using an RGS5-deficient RIP1-Tag5
transgenic mouse model demonstrated an increased rate of
tumorigenesis and reduction in the overall survival of mice
through the development of a normalized network of blood
vessels, decreased hypoxia and reduced vessel permeability
[20–22]. Interestingly, Hamzah et al. also reported that RGS5
is “a master gene responsible for the abnormal tumor vascu-
lar morphology in mice” [20]. We thus questioned whether
the inducible expression of RGS5 in a tumor model of ovar-
ian cancer might counter the effects observed in knockout
mice and support a longer period of survival in vivo. Since
the role of angiogenesis inhibitors is somewhat controversial

(see Section 4 for more details), such a study may also
clarify the extent to which RGS5 expression regulates tumor
progression, perhaps via altered vascularization. Herein, we
observed an increase in the survival time in mice bearing
tumors with RGS5 expression coupled with increased areas
of necrosis and a reduction in tumor ulceration. The control
animals with tumors expressing the vector alone displayed
more malignant cells within tumors and more had ulcerated
tumors. Although all animals eventually succumb to disease,
these studies are suggestive that RGS5 expression reduces
malignancy in tumors, thus increasing survival time, and
this is independent of its role in vascular normalization and
remodeling.

2. Methods

2.1. Materials. HeyA8-MDR taxane-resistant line of cells
were previously described [23] and are maintained in RPMI
1640 medium (Mediatech, Inc., Manassas, VA, USA) supple-
mented with 300 ng/mL paclitaxel (Sigma-Aldrich, St. Louis,
MO, USA) with 15% fetal bovine serum (PAA Laboratories,
Inc., Etobicoke, ON, Canada). Approved fetal bovine serum
(Clontech Inc., Mountain View, CA, USA) was used in the
medium for the pTet Dual RGS5-modified HeyA8-MDR
cells. Doxycycline Hyclate was used to suppress gene expres-
sion in the Tet-Off system (Sigma-Aldrich, St. Louis, MO,
USA). The compounds nocodazole, BrdU, etoposide, and
aphidicolin Assay Kit were purchased from Millipore (Biller-
ica, MA, USA).

2.2. Construction of an Inducible RGS5 Cell Line. The Tet-Off
advanced inducible gene expression system (Clontech) was
used to create the RGS5-inducible HeyA8-MDR cell line. The
pTRE-Tight dual RGS5-expressing DNA plasmid was con-
structed by standard restriction enzyme cloning to insert an
HA-tagged RGS5 coding sequence cassette (Missouri S&T
cDNA Resource Center, Rolla, MO, USA) into the pTRE-
Tight Dual vector using the restriction enzymes XbaI and
NheI. The constructs were verified by DNA sequencing using
specific primers that were designed to recognize the N′-
terminus of our Advanced Vector promoter. In order to cre-
ate the doxycycline inducible cell line, 2.5×105 HeyA8-MDR
cells were plated in a 6-well dish and transfected at a 2 : 1
ratio (plasmid DNA: Lipofectamine 2000, Life Technologies,
Grand Island, NY, USA) with pTet Advanced inducible vector
plasmid DNA. Positive clones were selected using G418
(Geneticin, Life Technologies). These stable cells were then
cotransfected with pTRE-Tight, Dual HA-RGS5 containing
plasmid DNA, and the linear hygromycin marker to enable
selection with hygromycin. Positive clones were maintained
in paclitaxel, G418, doxycycline, and hygromycin.

Gene expression was verified in HeyA8-MDR pTet dual
HA-tagged RGS5-inducible cells by seeding the cells in a
multiple 6-well plates in medium with tetracycline-free fetal
bovine serum without doxycycline for 24, 48, and 72 hours.
Cells were harvested at the indicated time points, the RNA
was isolated and processed for qRT-PCR using primers to
detect RGS5 expression (amplicon size: 153 bp) resulting
from the Tet-Off Advanced inducible system. The following
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primers were selected from PrimerBank (http://pga.mgh
.harvard.edu/primerbank/), to confirm gene expression
using qRT-PCR (RGS5 Fwd: 5′-ATTCAAACGGAGGCT-
CCTAAAG-3′ and RGS5 Rev: 5′-CACAAAGCGAGGCAG-
AGAATC-3′).

2.3. BrdU Proliferation Analysis. HeyA8-MDR cells were
plated in a 96-well plate at a density of 3,000 cells per well.
Half of the plate was grown in medium containing regular
fetal bovine serum with doxycycline and the other half
doxycycline-free with medium containing tetracycline-free
fetal bovine serum. Cells were then incubated at 37◦C for
72 hours to allow for RGS5-inducible gene expression. Prior
to fixation, HeyA8-MDR cells were pulse-treated for 1 hour
with BrdU and then treated for 4 hours with the indicated cell
cycle arrest compounds. Cells were then fixed and stained for
proliferation and nuclear morphology according to standard
procedures from the manufacturer’s protocol (BrdU Assay
Kit, Millipore). Representative images were taken using the
Cellomics ArrayScan VTI HCS Reader (Thermo Fisher
Scientific, Waltham, MA, USA) as previously described [24]
and are shown here. High-content scanning analysis software
was used to determine the average number of cells per field.
The data was retrieved from the manufacturer’s software and
results were plotted with GraphPad Prism (La Jolla, CA,
USA).

2.4. Animal Model of Ovarian Cancer with Gene Modulation.
Six-week-old female athymic nude mice acclimated to the
animal facility for 1 week prior to the commencement of the
study. Animals were injected intraperitoneally with Extracel
containing approximately 5 million cells of either HeyA8-
MDR pTet Advanced Vector (N = 10) or HeyA8-MDR pTet
Dual RGS5 expressing cells (N = 10) per 0.2 μL injection.
Injected mice were monitored for tumor formation, weight,
and stomach circumference. After one week, 100% of mice
displayed tumor formation. The animals were monitored
over a course of 2 months and euthanized according to the
animal use protocol approved by the University of Georgia
IACUC committee. The tumor volume (mm3) was calculated
using the equation tumor volume= (width)2× length/2, and
then graphed using Prism. The time of survival for each
group and overall significance was plotted on a Kaplan-Meier
survival curve also using GraphPad Prism.

2.5. Measurement of Vascular Endothelial Growth Factor. At
necropsy, blood from all animals was collected in BD micro-
tainer tubes with serum separator (Becton Dickinson Co.,
Franklin Lakes, NJ, USA). The serum-containing fraction
was isolated using centrifugation, placed into glass vials, and
frozen immediately. After thawing on ice, the mouse serum
was measured for the presence and concentration of vascular
endothelial growth factor a mouse VEGF ELISA kit following
the manufacturer’s protocol (RayBiotech, Inc., Norcross, GA,
USA).

2.6. Tissue Collection, Histology, and Immunofluorescence.
Mice were euthanized according to standard protocols.

Visible tumors were dissected from the abdomen, measured
for size, and flash-frozen with cryomatrix (Thermo Fisher
Scientific) in 2-methylbutane (Sigma) cooled to −140◦C.
Cryopreserved tumors were cut in 10 μm sections using a
Thermo Fisher Scientific cryostat and mounted on micro-
scope slides. Hematoxylin and eosin staining was performed
according to standard protocols and imaged using a Leica
microscope for pathological evaluation.

For immunofluorescence, tissues were blocked for 30
minutes in 5% normal donkey serum (Jackson Immun-
oResearch Laboratories, Inc.,West Grove, PA, USA) in
phosphate-buffered saline (PBS) for 30 minutes at room
temperature. The tumor sections were incubated in the
primary antibody CD31 (1 : 500, BD Pharmingen, San Diego,
CA, USA) at 4◦C overnight in a humidity chamber, washed
with PBS, and detected with the secondary antibody Rho-
damine (TRITC)-conjugated AffiniPure F(ab′) 2-Fragment
Goat Anti-Rat IgG (H + L) from Jackson ImmunoResearch
Laboratories, Inc. (West Grove, PA, USA). DAPI nuclear stain
(final 1 : 10,000) was included in the secondary antibody
incubation. After thorough washing with PBS, slides were
coverslipped with Permount (ThermoFisher Scientific).
Immunofluorescence was imaged using an X71 inverted
microscope (Olympus, Center Valley, PA) at 20x magnifica-
tion. Images were resized and adjusted identically using Pho-
toshop (Adobe, San Jose, CA, USA). Overlapping pictures
were aligned in Microsoft PowerPoint to generate an image
of an entire tumor cryosection. Each compiled tumor section
was imported into Image-Pro Express (Media Cybernetics,
Bethesda, MD, USA) for analysis. Tumor vascularization was
determined by counting the number of complete and partial
vessels visible in the tumor section (stained by antibody
CD31). Tumor area was calculated using the polygon tool
in Image-Pro Express and normalized vascularization was
plotted (CD31 vessel counts/tumor area in μm2 × 1× 106).

3. Results

3.1. Expression of RGS5 Reduces In Vitro Proliferation of
HeyA8-MDR Ovarian Cancer Cells. Although RGS5 is a bio-
marker for tumor vasculature, we sought to understand
whether RGS5 itself plays a pathogenic or protective role in
ovarian tumor biology. To address this question, we con-
structed RGS5 in an inducible gene expression system to
induce high levels of RGS5 protein when cells were cultured
in the absence of the antibiotic doxycycline. The Tet-Off
inducible system was necessary because RGS proteins reg-
ulate G-protein-coupled receptor signaling cascades, which
are required for cancer cells survival and are often critical to
cells with oncogenic addictions to survival pathways. When
cells were grown in the absence of doxycycline and medium
containing FBS free of tetracycline, the expression of RGS5
protein reached ∼7 fold after 48 hours and ∼4.5 fold after
72 hours (Figure 1(a)).

When we compared the vector control cells (+doxy-
cycline) versus RGS5-expressing HeyA8-MDR cells (−dox-
ycycline), we observed a significant reduction in the number
of proliferating cells among the latter group with induced
expression of RGS5 (Figure 1(b)). Representative images are
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Figure 1: RGS5 inducible expression in HeyA8-MDR cells reduces proliferation. (a) HeyA8-MDR pTet dual RGS5 inducible cells were seeded
in a multiple 6-well and cultured in medium with tetracycline-free fetal bovine serum without doxycycline for 24, 48, and 72 hours. Cells were
harvested; the RNA was isolated and processed for qRT-PCR using primers to detect RGS5 expression resulting from the Tet-Off Advanced
inducible system. Without the presence of doxycycline or other members of the tetracycline antibiotics, RGS5 expression was observed. (b)
HeyA8-MDR cells were plated in a 96-well plate at a density of 3,000 cells per well. Half of the plate was grown in medium containing regular
FBS with doxycycline and the other half containing doxycycline-free media. Cells were then incubated at 37◦C for 72 hours to allow for
RGS5-inducible gene expression. Prior to fixation, HeyA8 MDR cells were pulse-treated for 1 hour with BrdU and then treated for 4 hours
with the indicated cell cycle arrest compounds. Cells were then fixed and stained for proliferation and nuclear morphology. Representative
images taken using the Cellomics ArrayScan VTI HCS Reader and are shown here. (c) High-content scanning analysis software was used to
determine the average number of cells per field.

shown from high-throughput scanning (see Section 2.3).
We next analyzed cancer cell proliferation using automated
quantification of cells detected per field after a pulse with
bromodeoxyuridine (BrdU), a nucleoside analogue and
marker for proliferating cells. Cells engineered to inducibly
express RGS5 showed a significant reduction in the number
of BrdU-positive proliferating cells (∗∗∗P < 0.001, compar-
ing +dox with –dox). Treating the cells with either antineo-
plastic reagents etoposide, a topoisomerase II inhibitor, or
nocodazole, an inhibitor of microtubule polymerization, fur-
ther reduced the average number of cells measured per field

(Figures 1(b) and 1(c); ∗∗∗P < 0.001), although the ratio
was similar between the nontreated and treated conditions.
As a control, we measured no net change in the mean differ-
ence of “target” BrdU fluorescence intensity among the spe-
cific cell cycle compounds, suggesting no net bias effect of the
fluorescence. Taken together, these data suggest that RGS5
expression reduces the proliferative capacity of HeyA8-MDR
ovarian cancer cells.

3.2. Expression of RGS5 in an Ovarian Tumor Model Increases
Survival. Previous studies have examined the absence of
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Figure 2: Expression of RGS5 in ovarian tumors did not significantly reduce the rate of growth, but did increase the overall survival time
of mice bearing such tumors. (a) Female athymic nude mice were given intraperitoneal injections of Extracel containing approximately 5
million cells of either HeyA8 MDR pTet Advanced Vector (N = 10) or HeyA8-MDR pTet Dual RGS5 expressing cells (N = 10) per 0.2 μL
injection. All mice were monitored for tumor formation and measurements of weight and stomach circumference were routinely taken. The
graph plots tumor volume (mm3). (b) Mice bearing HeyA8-MDR pTet Dual RGS5-expressing tumors had a significant increase in survival
time (in days, ∗P = 0.0143, compared to their pTet Advanced Vector alone counterparts). (c) Blood was collected from mice at necropsy.
The serum-containing fraction was isolated and measured for vascular endothelial growth factor. Results are nonsignificant (ns) between
the groups.

RGS5 expression in vivo using knockout mice [22]. In con-
trast with these studies, we created an in vivo model of
tumorigenesis with inducible expression of RGS5 to measure
whether there was an effect on tumor regression. Athymic
nude female mice were injected intraperitoneally with
tumors containing either the vector alone or RGS5-express-
ing tumors. We routinely measured tumor volume, but were
unable to detect any differences between these groups
(Figure 2(a)). In contrast, control animals with empty vector
tumors displayed lower body conditioning scores than mice
bearing RGS5 tumors and therefore had to be monitored
more frequently. Mice bearing RGS5 tumors displayed more
active behavior and appeared healthier over a longer period
of time with higher body conditioning scores in comparison
(data not shown).

We also measured the difference in survival times
between the two groups. The control mice with empty vector

tumors began to die (or were euthanized because they
reached humane endpoints) at 22 days and all succumbed to
disease by 47 days (Figure 2(b)). In comparison, the first
mouse from the group bearing RGS5 tumors died in 28 days,
and the last two in the group died after 55 days. The results
suggest a significant increase in survival time (P = 0.0143)
with RGS5 expression, although there were no animals that
ultimately survived the disease.

Since RGS5 has been shown to be a hypoxia-inducible
gene regulated by HIF-1α [17], we measured vascular
endothelial growth factor (VEGF) in serum. Solid tumors
will develop hypoxic regions, which would then upregulate
RGS5 and possibly interfere with our results. We chose VEGF
because HIF-1 regulates VEGF expression as well as RGS5.
If we detected significantly altered levels of VEGF between
the groups, then this could indicate a problem with the data.
However, there was no significant difference between
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Table 1: Histological examination of tumor sections by a pathologist.

Vector controls Tissue type Tumor (%) Necrosis Mitoses (mm2) Karyorrhexis

1 Mesentery 70 Not identified <1 Yes

2 Skin 95 Ulcer/focal <1 Yes

3 Mesentery >90 Not identified <1 Yes

RGS5-expressing

1 Mesentery >90 Broad area 1 Yes

2 Mesentery >90 Broad area(s) 1 Yes

3 Mesentery 60 Scattered 1 Yes
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Figure 3: Mice bearing RGS5-expressing ovarian tumors displayed
less frequent tumor ulceration. The number of mice with ulcerated
tumors observed at necropsy was recorded (N = 10 per group).
Tumor sizes were relatively similar between the two groups.

the serum levels of VEGF between the groups (Figure 2(c)),
suggesting that endogenous RGS5 regulation was
unchanged.

3.3. Histological Studies Suggest Large Areas of Necrosis in
RGS5-Expressing Tumors. We randomly selected tumors
from each group for sectioning and histological analysis.
Interestingly, the hematoxylin and eosin stained tumor sec-
tions showed several important differences between control
and RGS5-expressing tumors. In the control group of mice
with tumors containing the empty vector, diffuse sheets of
malignant cells comprised 70–95% of the sampled tissue,
demonstrating extensive involvement of the tumor (Table 1).
In contrast, mice bearing tumors expressing RGS5 had
regions of necrosis that varied from scattered necrotic areas
to broad and large areas of central necrosis. RGS5-expressing
tissue was also composed of∼60–90% tumor. In the necrotic
areas of RGS5-expressing tumors, pyknotic nuclei and dark
eosinophil cytoplasm were observed in the malignant cells
along the peripheral areas of the necrotic regions. Finally, the
histological tumor samples of the control mice showed areas
of skin ulceration, whereas the RGS5-expressing sections did
not. This is in agreement with the overall observations where

we observed a reduced presence of tumor ulceration in mice
bearing RGS5-expressing tumors (Figure 3).

3.4. Tumor Angiogenesis. To clarify the functional contribu-
tion of RGS5 expression in tumor angiogenesis, we randomly
selected tumors from each group for sectioning and analysis
of positively stained structures of the cluster of differentia-
tion 31 (CD31) or platelet/endothelial cell adhesion molecule
1 (PECAM-1), which is a glycoprotein biomarker expressed
on vascular endothelial cells used to assess the degree
of angiogenesis. We observed CD31-positive structures in
tumor specimens from both groups of animals (Figure 4(a)).
The RGS5-expressing tumors displayed a greater frequency
of CD31-positive vessel-like structures, compared with the
vector-expressing tumors (Figure 4(b), ∗∗P < 0.01). This is
consistent with the role of RGS5 as a pericyte biomarker that
is temporally upregulated during the switch to angiogenesis
in malignancy. The data is suggestive that introducing RGS5
into the solid tumor likely influenced the balance of this
switch in favor of angiogenesis.

4. Discussion

In this study, we used Tet-off inducible expression to study
the role of RGS5, in vitro and in vivo, in tumor proliferation
and pathology. We found that mice bearing RGS5-expressing
tumors survived longer than controls and displayed large
regions of necrosis within their tumors. They were also less
likely to have ulcerated tumors in comparison to control
mice. Our study is consistent with previous work that
produced RGS5-deficient mice and suggested that RGS5 loss
accelerated tumor development, enhanced tumor growth (in
the later tumor stages), reduced survival, decreased hypoxia,
and decreased vessel permeability [20–22].

Hamzah et al. created an RGS5 knockout mouse model
using a mix of normal 129 and C57BL/6 mice crossed with
the C3H background, which then allowed the assessment of
immune function. Although not statistically significant, the
RGS5 knockout mouse model resulted in the opening of solid
tumors to spontaneous immune effector T-cell infiltration
into the tumor parenchyma. In addition, this model showed
prolonged survival among tumor-bearing mice with the
transfer of activated and specific T cells [20]. Our study
used athymic immunodeficient nude mice, which manifest
an inhibition of the immune system and thus will not mount
an immune response to xenograft injection. It is interesting
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Figure 4: RGS5-expressing ovarian tumors increase the number of CD31-positive vessel-like structures. Tumor specimens were sectioned
and prepared on slides for immunofluorescence. (a) Tumor sections were imaged for CD31 expression (red, 20x magnification). (b) CD31-
positive vasculature was quantified from compiled whole tumor images (N = 4 vector, N = 4 RGS5) using CellSens and GraphPad Prism
software. ∗∗P < 0.01, comparing vector versus RGS5.

that we observed vast regions of necrosis in the solid tumors
without the immune system modulating this response in
RGS5-expressing tumors. This necrosis is likely due to two
factors: hypoxia resulting from aberrant tumor vasculature
and RGS5 induction of apoptosis [17].

Although we observed an increase in the survival time in
mice bearing RGS5-expressing tumors, the overall increase in
time was modest. Too many chemotherapies and biological
agents also achieve mediocre increases in overall survival,
leading the industry to focus instead on quality-of-life
parameters for measuring drug “successes.” The results of
our study dampen enthusiasm for pursuing RGS5 as a single
target for therapeutics in tumorigenesis. However, our study
does provide support for including RGS5 as one important
component of a multicomponent approach to help modulate
tumor progression. As the treatment of cancer is a multi-
faceted discipline, and cytotoxic chemotherapy is combina-
torial, momentum for combinatorial biological therapies is
also gaining, even among “magic bullet” therapeutics (e.g.,
imatinib and vemurafenib). The shift is being driven by
chemoresistance to therapy, which is relevant in this setting
because RGS proteins are involved in chemoresistance [23]
as well as hypoxia—a driver of chemoresistance [25].

Our study also demonstrates that RGS5 effects active
cellular proliferation in HeyA8-MDR cells in vitro using the
BrdU assay. This result is in contrast with other studies
suggesting that the overexpression of RGS5 reduces the rate
of growth without affecting cell proliferation [17]. The dif-
ferences between the two studies are likely the model system.
Whereas we are using rapidly proliferating ovarian cancer
cells resistant to paclitaxel, the previous study used human

umbilical vein endothelial cells. Thus, our model system is
highly aggressive, tumorigenic, and drug-resistant with or
without RGS5 expression.

The addition of chemotherapeutic agents (etoposide or
nocodazole) to the culture of RGS5-inducible HeyA8-MDR
cells further reduced the average number of cells present and
proliferating. Although very exciting, the fact that RGS5 has
a dual role tumor biology (i.e., vascularization versus tumor
growth) makes it unclear how modulation of RGS expression
would affect therapy. For example, RGS5 modulation could
significantly complicate drug delivery into solid tumor
parenchyma. On one hand, RGS5 loss results in normal-
ization of the vasculature in vivo, which would allow pen-
etration of T cells and chemotherapy, but otherwise RGS5
loss enhances tumor growth [20]. On the other hand, RGS5
is overexpressed in aberrant tumor vasculature [11], but its
expression induces endothelial apoptosis [17], reduces cell
proliferation, and increases overall survival. Indeed, in our
study the mice bearing RGS5-expressing tumors that showed
large areas of central necrosis were not treated with cytotoxic
chemotherapy; however, if we had treated these mice with
intravenous cisplatin or carboplatin, it is unclear whether
these drugs could have reached the tumor parenchyma
without a robust vasculature and what the effect on overall
survival would have been.

In addition, whether or not angiogenesis is an optimal
target for therapy against solid tumors is another growing
controversy. Recent studies in glioblastoma hypothesize that
vascular normalization improves survival through tumor
perfusion [25]. Furthermore, another study of bevacizumab-
treated rats bearing human glioblastoma multiforme tumors
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demonstrated, “a strong and highly significant increase in
the number of tumor cells invading the normal brain” [26],
suggesting a negative effect on tumor biology in that setting.

In 2011, the Food and Drug Administration revoked its
approval of bevacizumab for therapy in metastatic breast
cancer because it lacked efficacy and increased the risk
for lethal side effects. Some speculated that this review by
the FDA was also necessary due to bevacizumab’s extraor-
dinarily high yearly cost without the possibility of achiev-
ing monotherapeutic cure. For example, bevacizumab is
indicated for use as combination therapy in metastatic col-
orectal cancer, nonsquamous nonsmall cell lung cancer and
metastatic renal cell carcinoma and as a single agent for
glioblastoma patients based on objective response rate, not
survival [27]. Thus, combination regimens with angiogenesis
inhibitors have substantially increased the expense of cancer
treatment through drug costs and the costs associated with
hospitalization for adverse drug responses [28]. A better
understanding of the tumor vasculature and its impact on
the biology of solid tumors and therapy is needed to address
this controversial approach.

Future studies might explore the roles of combinations of
RGS5 with other RGS proteins in ovarian cancer. For exam-
ple, on chromosome 1q23.3–1q31 there are 5 genes encoding
RGS family members (RGS2, RGS4, RGS5, RGS8, and
RGS16), and these have overlapping cellular functions [8]. It
is unclear whether combinations of these RGS proteins
would further modulate the aggressiveness of ovarian cancer
cells or tumors in mice. Since RGS proteins turn off signaling
cascades from growth factors, future studies could also assess
the modulation of these with other proteins affecting G-
protein-coupled receptors and receptor inhibitors. Much is
left to learn about RGS proteins and their role in tumorigen-
esis and therapy.
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