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Various, diversemolecules contribute to the tumormicroenvironment and influence invasion andmetastasis. In
this review, the roles of neutrophil gelatinase-associated lipocalin (NGAL) and matrix metalloproteinase-9
(MMP-9) in the tumor microenvironment and sensitivity to therapy will be discussed. The lipocalin family of
proteins has many important functions. For example when NGAL forms a complex with MMP-9 it increases its
stability which is important in cancer metastasis. Small hydrophobic molecules are bound by NGAL which can
alter their entry into and efflux from cells. Iron transport and storage are also influenced by NGAL activity. Reg-
ulation of iron levels is important for survival in the tumor microenvironment as well as metastasis. Innate im-
munity is also regulated by NGAL as it can have bacteriostatic properties. NGAL andMMP-9 expression may also
affect the sensitivity of cancer cells to chemotherapy aswell as targeted therapy. ThusNGAL andMMP-9 play im-
portant roles in key processes involved inmetastasis aswell as response to therapy. This article is part of a Special
Issue entitled: Tumor Microenvironment Regulation of Cancer Cell Survival, Metastasis, Inflammation, and Im-
mune Surveillance edited by Peter Ruvolo and Gregg L. Semenza.

© 2015 Elsevier B.V. All rights reserved.
1. Functions of NGAL

NGAL (neutrophil gelatinase associated lipocalin) gets part of its
name from neutrophils as it was determined to be released by neutro-
phils at sites of infection and inflammation [1]. Members of the lipocalin
protein family bind small hydrophobicmolecules (e.g., arachidonic acid,
fatty acids, hormones, prostaglandins and retinoids). The highly
conserved lipocalin crystal structure consists of a single eight-stranded
continuously hydrogen-bonded antiparallel beta-barrel [1,2]. This
icroenvironment Regulation of
ne Surveillance edited by Peter
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motif confers a calyx shape and represents the internal ligand-binding
site. Previously,members of the lipocalin familywere classified as trans-
port proteins. Lipocalins are also involved in the control of immune re-
sponses and the regulation of cell homoeostasis [1–3].

NGAL has various names including: lipocalin 2 (Lcn2), siderocalin
and 24p3. NGAL was identified in several molecular forms: a monomer
(25-kDa), a disulfide-linked homodimer (46-kDa) and a disulfide-
linked heterodimer with human neutrophil gelatinase B (135-kDa) [2,
4]. NGAL is expressed in many other types of cells besides neutrophils.
NGAL is also synthesized after various injuries, especially in kidney dis-
eases [3]. Serum NGAL levels correlate with severity of renal injury,
which reflects the degree of tissue damage. NGAL has been proposed
to be one of the most promising next-generation biomarkers in clinical
nephrology [3]. When NGAL is present in a complex with matrix
metalloproteinase-9 (MMP-9), there is less degradation of MMP-9
due to the effects on NGAL on the stability of MMP-9. This results in a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamcr.2015.08.010&domain=pdf
http://dx.doi.org/10.1016/j.bbamcr.2015.08.010
mailto:mlibra@unict.it
mailto:mccubreyj@ecu.edu
http://dx.doi.org/10.1016/j.bbamcr.2015.08.010
http://www.sciencedirect.com/science/journal/01674889
www.elsevier.com/locate/bbamcr


439S. Candido et al. / Biochimica et Biophysica Acta 1863 (2016) 438–448
higher gelatinolytic activity of MMP-9 on the extracellular matrix [4,5].
This biological function of NGAL may influence development of diverse
cancer types [5–11].

1.1. Biochemical interactions between NGAL and MMP-9

MMP-9 and NGAL proteins form a complex via the disulfide bridge
between free cysteine107 (Cys107) of the NGAL protein and the Cys
of the Pro-Arg-Cys-Gly-Val sequence motif of the pro-peptide domain
ofMMP-9 [12]. The Cys of Pro-Arg-Cys-Gly-Valmotif is involved in inhi-
bition of the catalytic site of latent MMP-9 by its binding to the catalytic
zinc atom. In vitro experiments demonstrated that the switch of the
bond of Cys from the zinc atom toNGAL Cys107was not required for ac-
tivation ofMMP-9. Itwas suggested that the hydrophobic binding pock-
et of NGAL is involved in the binding and activation of proMMP-9.
Indeed, saturation of the binding pocket of recombinant NGAL with
the chemotactic peptide formyl-methionyl-leucyl-phenylalanine
(fMKF) or the exogenous tetrapeptide Met-Arg-Thr-Pro of MMP-9
abolished the ability of NGAL to activate latent MMP-9 [12].

1.2. NGAL functions in iron transfer

One of NGAL's functions is to sequester bacterial ferric siderophores.
NGAL has bacteriostatic properties and is part of the anti-bacterial, iron-
depletion strategy of the innate immune system. NGAL interferes with
siderophore-mediated iron acquisition [13]. Upon association of NGAL
Fig. 1. Effects of iron concentration on NGAL activity. NGAL in the presence of siderophores and
dependent growth pathways, drug resistance and inhibiting the expression of HIF-1alpha. In con
dent growth pathways are inhibited and apoptosis is induced. Abbreviations: Neutrophil gela
1alpha (HIF-1-alpha), Bcl-2-like protein 11 (Bim).
with a siderophore (2,5-dihydrobenzoic acid) that shares structural
similarities with bacterial enterobactin, it binds iron. NGAL can either
deliver or remove iron from the cell, depending on the context. The
iron-bound form of NGAL is internalized after binding to the NGAL
receptor. This leads to the release of iron and subsequent increase of in-
tracellular iron. In contrast, when the iron-free form binds the NGAL re-
ceptor, NGAL is associated with the intracellular siderophore, resulting
in iron chelation and iron transfer to the extracellular medium, leading
to reduced intracellular iron [14–17]. Iron is critical in regulating cellular
proliferation, invasion and cancer metastasis [18]. Cancer cells have in-
creased demands for intracellular iron. NGAL is capable of serving as a
siderocalin or a molecule involved in the transport of iron and other
molecules [15]. Fig. 1 presents a diagram of the roles of NGAL in iron up-
take and iron depletion.

Iron-laden siderophores can interact with NGAL to sequester iron
away from bacteria which has a bacteriostatic effect. Infection of NGAL
(Lcn2) knockout mice (Lnc−/−) with Chlamydia pneumoniae resulted
in higher levels of C. pneumoniae in the Lnc−/− mice than in Lnc2
wild type (WT)mice. The differences in bacterial numbers were greater
upon iron challenge which also resulted in stimulation of bacterial
proliferation. The addition of an anti-Lnc2 antibody (Ab) increased bac-
terial grown in the infected macrophages from the Lnc2 WT mice
whereas the addition of recombinant Lnc2 reduced bacterial growth in
C. pneumoniae infected macrophages. Differences in iron metabolism
gene expression were observed between Lnc2 WT and Lnc−/− mice.
In addition, increased expression of the anti-inflammatory interleukin-
ferrous iron (Fe++) is involved in iron uptake which is important in controlling the iron-
trast, under conditions of iron depletion, HIF-1alpha expression is stimulated, iron-depen-
tinase-associated lipocalin (NGAL), NGAL receptor (NGAL-R), hypoxia-inducible factor-
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10 (IL-10) Ab was observed in the Lnc2−/−macrophages from the in-
fected mice. Treatment of the Lnc2−/− mice with an anti-IL-10 Ab re-
sulted in increased C. pneumoniae growth in the macrophages and also
led to a reduction of the iron storage protein ferritin. Thus Lnc2
(NGAL) is important in the host defense against C. pneumoniae by
restricting access of the pathogen to essential iron. When Lnc2 was ab-
sent, elevated IL-10was present which had protective effects as it led to
higher levels of intracellular ferritin and inhibited access of the bacteria
to iron [19].

Iron is essential for many key processes, including the rate-limiting
step in DNA synthesis carried out by ribonucleotide reductase [20].
Iron (Fe++) is also required for cells to progress through the cell
cycle from G1 to S phase. Tumor cells have a high requirement for iron
and express elevated levels of the transferrin receptor-1 [21–24].
Novel chelators of iron are being considered for cancer treatment. Iron
chelators, such as desferrioxamine (DFO), inhibit cellular iron transport
and have been evaluated in various cancer clinical trials [25,26]. Oxygen
and iron concentrationsmay be altered in the tumormicroenvironment
due to the drastic tumor growth and metastasis [27]. In order for a can-
cer cell to survive, invade andmetastasize, it may require increased iron
transport aswell as elevated glycolysis [28,29]. The role of iron transport
in chemotherapeutic drug resistance of cancer cells is complex andmay
depend on the particular drug and cancer type investigated [30,31]. In-
terestingly, some iron depletors decrease resistance of certain cancer
cells to chemotherapeutic drugs including doxorubicin [32,33]. NGAL
can accumulate in the cytoplasm and either activate or repress iron-
responsive genes. Iron unloading is dependent on the cycling of NGAL
through acidic endosomes [34].

The cell surface receptor for NGAL (24p3R) has been shown to regu-
late apoptosis and iron uptake [35]. In these studieswith 24p3R isolated
frommurine cells, the NGAL receptor (NGALR) is referred to a 24p3R. A
NGALR was cloned from interleukin-3 (IL-3) dependent murine FL5.12
hematopoietic cells. Ectopic expression of the NGALR 24p3R in human
HeLa cells, which normally express undetectable levels of 24p3R
(NGALR), resulted in the transfected HeLa cells binding and internaliz-
ing 24p3 (NGAL). This was subsequently shown to confer the ability
to uptake iron or to undergo apoptosis which was dependent on the
iron content of the ligand. When 24p3 was loaded with iron (holo-
24p3), increased intracellular iron and no apoptosis was observed. In
contrast when 24p3 was depleted of iron (apo-24p3), the pro-
apoptotic Bim protein was induced and apoptosis occurred. This induc-
tion of apoptosis in the HeLa cells by apo-24p3 was dependent on the
expression of 24p3R as it was observed in HeLa/24p3R and not in con-
trol empty vector transfected HeLa/X7 cells. In contrast, holo-24p3 did
not induce apoptosis in either HeLa/24p3R or control HeLa/X7 cells.
These studies indicated that apo-24p3 was able to induce apoptosis in
cells expressing 24p3R.

IL3-deprivation of FL5.12 cells resulted in the secretion of 24p3 into
the extracellular (conditioned) medium which was shown to be pre-
dominately the apo-24p3 form. IL3-deprivation led to reduced intracel-
lular iron levels and contributed to apoptosis. IL3-deprivation of FL5.12
cells also results in the induction and post-translational modification of
the Bim pro-apoptotic Bcl-2 familymember which under certain exper-
imental conditions can induce apoptosis [36–38]. IL-3 deprivation of
FL5.12 cells resulted in increased levels of Bim extra long (BimEL) a
splice variant of Bim. The addition of apo-24p3 was shown to increase
BimEL levels in cells expressing 24p3R, namely FL5.12 and HeLa/
24p3R and but not in control HeLa/X7 cells. Silencing Bim suppressed
induction of apoptosis mediated by apo-24p3. These studies indicated
that Bim is induced in response to decreased iron levels in cells which
express 24p3R.

24p3 is transcriptionally-activated after IL3-deprivation of IL3-
dependent cells [39]. In contrast in BCR-ABL-transformed cells, it is
constitutively-active. Furthermore these studies determined that func-
tional BCR-ABL activity was necessary for the synthesis of 24p3. The ad-
dition of conditioned media from BCR-ABL-transformed 32D or BaF3
cells, which secreted apo-24p3, to non-transformed 32D or BaF3 cells
induced apoptosis. In contrast, 24p3R was expressed in non-
transformed 32D and BaF3 cells in the presence and absence of IL-3,
24p3R cells were detected at lower levels in BCR-ABL-transformed
32D and BaF3 cells, suggesting that BCR-ABL suppressed the expression
of 24p3R. Suppression of BCR-ABL activity by the addition of the BCR-
ABL inhibitor Imatinib resulted in 24p3R expression in the BCR-ABL-
transformed 32D and BaF3 cells. These results point to the importance
of the expression levels/ratios 24p3/24p3R complex in the survival of
BCR-ABL-transformed cells.

The levels of NGAL and NGALR were also examined in leukemic
blasts isolated from chronic myelogenous leukemia (CML) blast crisis
patients [35]. In three independent CML patient samples, NGAL was de-
tected at high levels, however, the NGALRwas observed at low levels. In
contrast the reverse was observed in peripheral blood lymphocytes, as
high levels of NGALR and low levels of NGAL were detected. These re-
sults document the importance of the regulation of the NGAL/NGALR
complex and the iron concentration in both normal and leukemic cells.

1.3. Novel functions of NGAL/lipocalins

Additional functions of lipocalins include, but are not limited to;
cryptic coloration, olfaction, pheromone transport, retinol transport
and may even aid in enzymatic synthesis of prostaglandins [1,9,40].
However, more recent studies indicate that lipocalins have a variety of
activities which we will briefly summarize. The gut microbiota in mice
has been shown to be regulated by NGAL [41]. Although it has been
known for quite some time that NGAL was associated with innate im-
mune responses to bacterial infections, a new aspect of NGAL in bacte-
rial infections has been recently elucidated. Namely a mechanism by
which bacteria become resistant to NGAL-mediated iron sequestration
is by the synthesis of novel siderophores which are not recognized by
NGAL [42].

Transcription factor 3 (Tcf3) is a key transcription factor important
in regulating both embryonic and adult skin stem cell functions. Recent-
ly it has been shown to be important in wound repair and can mediate
some of its effects through NGAL. Tcf3 induces NGAL which promotes
cell migration and wound healing [43].

Cellular senescence affects the regenerative potential of mesenchy-
mal stem cells. Elevated NGAL expression may have some effects on
preventing the induction of senescence in human bone marrow-
derived mesenchymal stem cells (hB-MSCs). When hB-MSCs that
overexpressed NGAL (MSC-Lnc2) were exposed to hydrogen peroxide,
higher levels of proliferation were observed. However, the number of
colonies and the number of cells in the colonies in MSC-Lnc2 cells
were decreased compared to normal growth conditions. Decreased se-
nescence upon hydrogen peroxide treatment was observed in the
MSC-Lnc cells. These studies point to a role of NGAL in decreasing senes-
cence under certain conditions [44].

Elevated urinary or serum NGAL levels have been proposed to be an
early indicator of immunological rejection after kidney transplant [45].

Recently various functions of NGAL have been ascribed to the central
nervous system, namely NGAL has been purported to have roles as an
autocrine mediator of astrocytosis, an inducer of chemokines and im-
portant in neurodegeneration and neuroinflammation [46].

Recently various neurological diseases including multiple sclerosis
and aging-related cognitive diseases have been postulated to be influ-
enced by NGAL. NGAL may serve as a potential biomarker for these dis-
eases. It is not clear yet if NGAL has neuroprotective or neurodeleterious
effects [47].

Plants have also been determined to have lipocalins. Arabidopsis
thaliana has at least two lipocalins, AtCHL (chloroplast) and AtTIL (tem-
perature induced) which have distinct and overlapping functions. Some
of the functions of the plant lipocalins are in lipid protection and seed
longevity. AtTIL and AtCHL are believed to play protective roles against
heat and light respectively. Double knock out mutants have been made



Fig. 2. Effects of cytokines and growth factor receptors on NGAL gene expression. Abbrevi-
ations: Matrix metalloproteinase 9 (MMP-9), v-Erb-B2 Avian Erythroblastic Leukemia
Viral Oncogene Homolog (Erb-B2 = HER2), tumor necrosis factor-alpha (TNF-α), inter-
leukin-17 (IL-17), interleukin-1 beta (IL-1β), focal adhesion kinase (FAK), nuclear factor
kappa B (NF-κB) inhibitor of NF-κB zeta subunit (IκBζ), ferrous iron (Fe++).
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and the seeds were very sensitive to natural and induced aging. This
phenomenon was linked with polyunsaturated lipid oxidation. Thus
plant lipocalins may play roles in aging [48].

2. Regulation of NGAL expression

Expression of NGAL can be up-regulated by interleukin-1beta (IL-
1beta), but not by tumor necrosis factor-alpha (TNF-alpha), in a type
II pneumocyte-derived cell line through the induction of the nuclear
factor-kappaB (NF-kappaB) pathway [49]. This selectivity of IL-1 beta
in inducing NGAL was due to synthesis of the inhibitor of kappaB-zeta
(IkappaB-zeta), which is an NF-kappaB-binding cofactor. IkappaB-zeta
stimulated IL-1beta which is required for transcriptional activation of
NGAL [50]. Stimulation with TNF-alpha in the presence of IL-17, led to
stabilization of IkappaB-zeta mRNA transcripts, this resulted in the
IkappaB-zeta protein binding to NF-kappaB binding site in the NGAL
promoter region and NGAL expression [51]. Recently it has been
shown that the IkappaB-zeta can act as a coactivator with the NF-
kappaB p50 subunit which lacks a transcriptional activation domain
but contains a DNA-binding Rel-homology domain. IkappaB-zeta re-
quires p50 binding to the NF-kappaB site in the NGAL promoter region
to initiate activation of NGAL transcription. A pyrimidine-rich site (CCCC
TC) which is seven bases downstream of the NF-kappaB site is also re-
quired for this interaction [52].

There are also CCAAT-enhancer-binding protein beta (C/EBPbeta)
and C/EBP-delta sites in the NGAL promoter region but those factors
were not determined to control NGAL expression [51]. HER2 (ErbB2) ac-
tivation of NGAL was determined to be mediated by NF-kappaB [53].
Fig. 2 presents a diagram of some of the effects of key cytokines and cy-
tokine receptors on NGAL expression. The NF-kappaB pathway is often
activated by growth factor and cytokine-mediated signaling pathways.
Signaling pathways which are often induced by cytokine and growth
factors include: PI3K/PTEN/Akt/mTORC1/GSK-3 [54–61], Ras/Raf/MEK/
ERK [62], and Jak/STAT [63,64]. Various components in these pathways
can regulate NF-kappaB activity.

Radiation and chemotherapy may induce reactive oxygen species
(ROS) that result in NF-kappaB activation and subsequent downstream
NGAL transcription [65]. In addition, the tumor microenvironment may
alter NF-kappaB activity [66]. Many transcription factors, including the
estrogen and androgen receptors, regulate NGAL expression by both
positive and negative mechanisms [67–77].

3. Effects of NGAL on cancer progression

NGAL is an importantmolecule in many different types of cancer in-
cluding: breast [9,10,77], colorectal (CRC) [78,79], endometrial [80],
esophageal [7,81], gastric cancer [6], liver [82–84], lung [85–87] ovarian
[88], pancreatic [89,90], prostate [76,91], renal [8,92] and thyroid cancer
[68]. In general, elevated NGAL expression has been associated with ad-
vanced cancer and poor prognosis. However, a few studies have indicat-
ed that NGAL expression in some cancers (e.g., pancreatic, thyroid) may
be associated with a better outcome [68,89].

NGAL plays key roles in the regulation of cell growth and adhesion in
normal and neoplastic tissues [93–95]. Elevated expression of NGAL can
increase the invasiveness of certain cancer cells, while inhibition of
NGAL expression decreases their invasiveness and metastasis [81,91,
96,97]. New approaches to target MMP-9/NGAL are needed as MMP-9
inhibitors have not performed well in clinical cancer trials [98]. More-
over, NGAL has functions which are independent of MMP-9. NGAL has
been shown to increase the invasiveness of prostate cancer cell lines
(e.g., LNCaP and 22Rv-1) which do not express MMP-9 [91]. MMP-9
and NGAL may exert many different effects that are important in inva-
sion and metastasis [99–103].

The expression of NGAL was recently examined in two renal tumor
types in 189 patients, 105 patients had clear renal cell carcinoma
while papillary renal cell carcinoma was present in the other 84 cancer
patients. From these studies, it was concluded that high levels of NGAL
expression may be a prognostic factor in papillary renal cell carcinoma
associated with decreased overall and disease-free survival [92].

NGAL has been shown to be a poor prognostic factor in esophageal
squamous cell carcinoma (ESCC). Overexpression of NGAL was demon-
strated to promote migration, invasion and lung metastasis in animal
studies. Furthermore NGAL activated the Raf/MEK/ERK pathway and in-
creased MMP-9 activity in ESCC cells. Recombinant NGAL elicited the
same responses as NGAL overexpression. Expression of NGAL increased
activated ERK1/2 and decreased p-cofilin and increased p-ERM (ezrin,
radixin and moesin proteins which cross-link actin filaments at the
cell membrane) and resulted in cytoskeleton F-active rearrangement.
This also resulted in increased NGAL expression. This may be a part of
the mechanism of increased invasiveness of the ESCC cells. Thus in
ESCC cells, NGAL may increase migration and invasion by a positive
feedback loop [81].

Radiation is frequently used to treat patients with oral cancers. By
performing DNA microarray analysis after radiation treatment of Ca9-
22 oral cancer cells, it was determined that NGAL had the highest in-
crease in expression out of a total of 167 genes that showed elevated
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expression in irradiated vs non-irradiated cells. When expression of
NGAL was knocked down with small interfering RNA (siRNA), the sen-
sitivity of the oral cancer Ca9-22 and HSC-2 cells to radiation was in-
creased. The authors have suggested that NGAL expression may be
used to predict radioresistance [85].

The expression of NGAL was detected in 58/78 (76.3%) lung cancers
and 4/30 (13.3%) adjacent tissues indicating that NGAL expression was
more present in cancerous than non-cancerous adjacent tissues. The
mechanisms of invasion in A549 lung cancer cells and the role of
NGAL expression were examined. By employing gene expression
knockdown experiments, suppression of NGAL resulted in increased
E-cadherin expression and decreased vimentin expression. In addition,
MMP-9 and MMP-2 were detected at decreased levels when NGAL
was suppressed [86].

In a different study, the expression of NGAL and MMP-9 was exam-
ined in lung adenocarcinomapatients. Expression of NGALwas associat-
ed with a worse prognosis and overall survival and was determined to
be an independent prognostic factor. In contrast, in this study, no differ-
ence in overall survival was observed with MMP-9 expression [87].

In high-grade endometrial cancer, NGAL and MMP-9 are highly
expressed. A shorter overall and disease-free survival period was ob-
served in endometrial cancer patients who expressed NGAL [80].

In a study consisting of 192 colorectal carcinoma resection speci-
mens, the expression of NGAL was examined. Expression of NGAL was
detected in 93.2% of the CRC patient samples. In metastatic tissues, in-
tense NGAL immunoreactivity was observed. NGAL was determined to
be detected at higher levels in CRC patient samples and was associated
with a poor patient survival [78].

Some of the anticancer properties of NGAL are due to its ability to in-
hibit the expression of hypoxia inducible factor-1a (HIF-1a) dependent
synthesis of vascular endothelial growth factor (VEGF) [104]. AlsoNGAL
can inhibit phosphorylation of focal adhesion kinase (FAK) and suppress
pancreatic cancer angiogenesis [89]. However, recent studies in liver
cancer have indicated that NGAL can regulateMET and FAK phosphory-
lation. The thyroid hormone, 3,3′,5-triiodo-L-thyronine (T3), was
demonstrated to positively regulate NGAL expressionwhichwas upreg-
ulated in hepatocellular carcinoma (HCC) [82].

4. NGAL and breast cancer

NGALhas also been observed in breast and other cancers andmay be
a predictor of poor patient survival and response to chemotherapy
[72–74,94,96,97,105]. Breast cancer progression has been shown to be
promoted by NGAL [96]. Suppression of NGAL in breast cancer inhibits
their invasiveness [97]. Breast cancer angiogenesis is also regulated by
NGAL [94].

Studies with fat-specific ERalpha knockout (FERKO) mice have indi-
cated that deletion of ERalpha increases the size of the adipocytes in the
mice, fad pad weight and interestingly the circulating levels of NGAL.
Normally ERalpha binds to the promoter region of NGAL to suppress
its expression. Conditioned medium from the adipocytes prepared
from ERalpha KO mice or recombinant NGAL would induce the pro-
liferation of breast cancer cells. Solute carrier family 22 member 17
(SLC22A17 = 24p3R) and 3-hydroxybutyrate dehydrogenase (BDH2)
are components of the NGAL signaling pathway. BDH2 expression was
determined to be associated with adiposity and circulating NGAL levels
in certain breast tumor biopsies. Thus these studies indicate links be-
tween ERalpha, obesity, NGAL and breast cancer progression [77].

4.1. NGAL expression is induced after chemotherapeutic drug treatment of
breast cancer cells

The effects of doxorubicin on NGAL expression were examined in
various breast cancer cell lines; some had been previously selected for
resistance to doxorubicin. Drug sensitive MCF-7 and T47D cells (both
ER+ luminal lines) and MDA-MB-231 cells [a basal triple negative
estrogen receptor− (ER−), progesterone receptor negative (PR−) and
HER2−] breast cancer (TNBC) line expressed undetectable levels of
NGAL, as determined by western blot analysis on supernatants prepared
from cells, when they were cultured in the absence of doxorubicin. Fur-
thermore, these cells did not express detectable levels of NGAL when
they were exposed to either 10 or 25 nM doxorubicin for 72 h [106].

NGAL expression was also examined in drug-resistant derivative
breast cancer cells that had been obtained by culturing them for over
two months in 10 nM doxorubicin. NGAL expression was not detected
when they were treated with 0, 10 or 25 nM doxorubicin for 72 h. In
contrast, NGAL expression was detected in drug-resistant MCF-7 cells
that had been grown in 25 nM doxorubicin after they were treated
with 25 nM doxorubicin for 72 h [106]. NGAL expression was also ob-
served in doxorubicin-resistant T47D cells that had been isolated in
25 nM doxorubicin when they were cultured in the absence of doxoru-
bicin for 72 h and elevated levels of NGAL were observed when they
were cultured with increasing concentrations of doxorubicin for 72 h.
Similar results were observed with doxorubicin-resistant MDA-MB-
231 cells that had been selected in 25 nM doxorubicin. Thus one re-
sponse to doxorubicin in doxorubicin-resistant cells was increased
NGAL expression. The chemotherapeutic drug doxorubicin was induc-
ing NGAL expression in doxorubicin-resistant breast cancer cells.
NGAL has some pro-survival andmetastasis-inducing properties. Doxo-
rubicinmay be inducingNF-kappaBexpressionwhich in turn stimulates
NGAL andMMP-9 expressionwhich is important in the tumormicroen-
vironment. A diagram of the effects of doxorubicin, the induction of
downstream signaling pathways and the sites of action of inhibitors
which target these pathways is presented in Fig. 3.

4.2. NGAL expression in drug resistant cancer cells

NGAL expressionwas not detected in hormone responsive androgen
receptor+ (AR+), p53 wild type (WT) LNCaP or 22RV-1 cells [91].
However advanced AR−, p53− PC3 and DU145 cells express NGAL.
PC3 and DU145 cells are representative of advanced castration-
resistant prostate cancer cells. Doxorubicin-resistant (PC3/DoxR) and
paclitaxel-resistant PC3 cells (PC3/PacR) prostate cancer cells were
obtained by culturing them in 10 nM doxorubicin and 0.5 nM paclitaxel
respectively for approximately two months. Doxorubicin-resistant
(DU145/DoxR) and paclitaxel-resistant (DU145/PacR) DU145 prostate
cancer cells were also generated after culturing them in 10 nM doxoru-
bicin and 0.5 nM paclitaxel respectively for over two months. Drug-
resistant DU145 cells were more resistant to both doxorubicin and
paclitaxel compared to the parental cells as the drug resistant cells
displayed higher inhibitory concentrations-50 (IC50s) in the respective
drugs. Both PC3 and DU145 cells express NGAL, even in the absence of
doxorubicin. Increased expression of NGALwas observed in the drug re-
sistant PC3 and DU145 prostate cancer cell lines [106]. Elevated NGAL
expression was observed in the drug resistant cells after exposure to ei-
ther doxorubicin or paclitaxel. Thus NGAL expression was higher in
drug resistant castration-resistant prostate cancer cells and was further
elevated upon chemotherapeutic drug treatment. NF-kappaB expres-
sion is elevated in advanced prostate cancer cells. As stated previously,
NGAL is a transcriptional target of NF-kappaB.

The expression of NGAL was also determined in drug sensitive and
multi-drug resistant acute T-lymphoblastic leukemia cell lines (CEM).
Higher levels of NGAL were seen in the multi-drug resistant cells than
in the drug-sensitive CEM line [106].

Culture of drug-resistant breast, prostate and acute T-lymphoblastic
leukemia cells in chemotherapeutic drugs increased NGAL expression.
NGAL expression was detected at higher levels in drug resistant breast
(TNBC, MDA-MB-231/DoxR) and advanced AR−/p53−, castration-
resistant prostate cancer cells than early stages of breast and prostate
cancerwhichwere hormone responsive. A genomic response to chemo-
therapy is the induction of a gene (NGAL) which can promote iron
transport and utilization, invasion and metastasis. Further elucidation



Fig. 3. Sites of action of smallmolecule inhibitors and induction of NGAL by therapeutic approaches and cytokines. Activation of various signaling cascades can occur after activation of the
EGFR receptor or by treatmentwith chemotherapeutic drugs or radiationwhich induces ROS and the CaM-K cascade. Sometimes dysregulated expression of EGFR or activation of cytokine
signaling pathways or KRASmutations can lead to activation of the Raf/MEK/ERK, PI3K/PTEN/Akt/mTOR and other pathways. Berberine may activate AMPK as well as inhibit NF-kappaB.
Signaling pathways such as IL-1beta and IL-17 may activate IkappaB-zeta which can activate NF-kappa-B which in turn can induce NGAL expression. The sites where certain signal trans-
duction inhibitors and berberine act are indicated. Abbreviations: Phosphatidylinositol 4,5-bisphosphate (PIP2) and phosphatidylinositol 3,4,5 (PIP3), unc-51 like autophagy activating
kinase 1 (ULK1), inhibitor kappaB-zeta (IκBξ).
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of the precise roles of NGAL in these processes and potentially elucida-
tion of methods to inhibit NGAL and MMP-9 expression may be benefi-
cial for cancer therapy.

4.3. Signaling pathways which interact with NGAL

Signaling pathways are important in regulating NGAL expression.
The PI3K/PTEN/Akt/ mTORC/GSK-3, Ras/Raf/MEK/ERK and Jak/STAT
pathways are important in regulating the NF-kappaB pathway which
is critical for regulation NGAL expression. Mutations may occur in key
components of these pathways. Approaches to target PI3K [54–56],
PTEN [57,107], Akt [58], mTOR [59,108,109], GSK-3 [60,61,110], and
Raf/MEK/ERK [111–113] as well as apoptotic and cytokine-mediated
signaling pathways [63] which often result in Jak/STAT pathway activa-
tion are being developed [64]. In addition, novel methods to inhibit NF-
kappaB expression are under investigation [114–117]. Dysregulation of
these pathways frequently results in drug resistance. Drug resistance
may contribute to elevated NGAL expression.

4.4. Effects of ectopic NGAL expression on sensitivity to small molecule
inhibitors

The effects of ectopic NGAL expression (induced by introduction of a
retrovirus encoding the wild type NGAL gene) on the sensitivity of
breast epithelial (MCF-10A), breast cancer (MCF-7), and CRC (HT-29)
cells to small molecule inhibitors were examined [118]. Also the effects
of combinations of doxorubicin in the presence and absence of small
molecule inhibitors were determined to ascertain whether the small
molecule inhibitors could lower the concentrations of doxorubicin re-
quired to reach the IC50 for doxorubicin [118]. NGAL expression was
abundantly detected in all the cells infected with a retrovirus encoding
NGAL [118]. In contrast, NGAL expression was not observed in pLXSN
empty vector infected cells. Enforced NGAL expression did not change
the sensitivity or resistance of these cells to doxorubicin as compared
to empty vector-transduced cells when the cells were grown under
standard adherence conditions in 96-well flat bottom tissue culture
plates in phenol red free RPMI medium containing 0.5% fetal bovine
serum [119].

The effects of enforced ectopic NGAL expression on the sensitivity to
small molecule inhibitors targeting key signaling molecules were also
examined in these same experiments. The effects of EGFR (AG1478),
Bcl-2 (ABT-737) and mTORC blocker (rapamycin) were examined as
these pathways are frequently dysregulated in human cancer [54,55,
61,62,110]. The effects of the calmodulin kinase (CaM-K) inhibitor
(KN-93) were also examined as the CaM-K pathway is often induced
after chemotherapeutic drug treatment [120–125]. The Ras/Raf/MEK/
ERK, NF-kappaB and 5′ adenosinemonophosphate-activated protein ki-
nase (AMPK) signaling pathways are regulated by the CaM-K pathway
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[120–123]. The CaM-K pathway is activated by ROS. Doxorubicin and
other therapies induce ROS [124,125]. Finally the effects of the natural
plant product berberine were also documented as it may target NF-
kappaB as well as induce AMPK. Interesting berberine has been shown
to suppress MMP-9 [126].

Ectopic NGAL expression increased the sensitivity of MCF-7 breast
cancer cells to EGFR, Bcl-2 and CaM-K inhibitors as well as berberine as
compared in the same experiment with empty vector infected MCF-7/
pLXSN cells. When suboptimal concentrations of certain inhibitors
(EGFR, Bcl-2, CaM-K and berberine) were combined with doxorubicin,
a reduction in concentration of doxorubicin required to reach the IC50
was frequently observed. The most striking differences between MCF-
7/NGAL and MCF-7/pLXSN were observed when doxorubicin was
combined with the CaM-K inhibitor or berberine. When doxorubicin
was combined with EGFR or Bcl-2 inhibitors, essentially similar effects
on the doxorubicin IC50s were observed in MCF-7/NGAL and MCF-7/
pLXSN cells. In contrast when doxorubicin was combined with the
mTORC blocker rapamycin, doxorubicin suppressed the sensitivity of
the MCF-7/NGAL cells to rapamycin as compared to MCF-7/pLXSN
cells. MCF-7 cells contain a PIK3CA mutation which normally makes
these cells very sensitive to the downstreammTORC1 blocker rapamycin
(oncogene addiction).

The effects of these small molecule inhibitors were also examined, at
the same time, to CRC and breast epithelial cell lines. No differences in
the sensitivity of the above-mentioned signal transduction inhibitors
and berberine were observed between NGAL- and pLXSN-empty vector
transduced HT-29 colorectal cancer cells and breast epithelial MCF-10A
cells at leastwith thedrug concentrations, signal transduction inhibitors
examined and assay condition utilized.

NGAL exerts effect on either the uptake or efflux of some of the in-
hibitors and berberine into MCF-7/NGAL cells. This is an important bio-
logical parameter of NGAL. The toxicity of EGFR, Bcl-2 and CaM-K small
molecule inhibitors and the natural plant product berberine was in-
creased in ER+ MCF-7/NGAL cells as opposed to ER+ MCF-7/pLXSN
cells. These reasons responsible for increased toxicity in MCF-7/NGAL
and not in either MCF-10A/NGAL or HT-29/NGAL cells in comparison
to MCF-10A/pLXSN and HT-29/pLXSN cells are not understood. The
lack of increased toxicity in MCF-10A/pLXSN and HT-29/pLXSN cells is
probably not due to the level of NGAL expression, as both cell lines
expressed high levels of NGAL [119]. Genetic differences may play im-
portant roles in the ability of NGAL to alter the sensitivity to certain
small molecule inhibitors and the natural plant product berberine.

Interestingly, elevated NGAL expression antagonized the effects of
themTORC1blocker rapamycin inMCF-7/NGAL cells treatedwith doxo-
rubicin. Certain cancer patients may be treated with EGFR, Bcl-2, and
mTORC1 blockers (or other inhibitors) in combinationwith chemother-
apeutic drugs.

Elevated NGAL expression did not change the doxorubicin IC50s in the
cell lines tested under the conditions utilized. It is possible that elevated
NGAL expression may change drug sensitivity under other experiment
conditions which more closely represent the tumor microenvironment.

Rapamycin andberberine bothhad effects onNGAL-expressing cells.
While NGAL inhibited the effects that rapamycin had on lowering the
doxorubicin IC50 inMCF-7/NGAL cells,MCF-7/NGAL cellswere very sen-
sitive to the effects of berberine.

5. NGAL as a biomarker

NGAL is considered by some scientists to have properties of an onco-
gene, or in some cases, a tumor suppressor gene [9,10,73,89,96,
127–134]. Increased levels of NGAL have been detected in the urine
and plasma of patients with various types of cancer (i.e., brain, breast,
colon, ovarian, pancreatic and prostate). Novel non-invasive urine-
based tests could prove useful for the detection and/or prognosis of
many cancer types [3,9,10,73,96,131–136]. Certain cytokines involved
in inflammation such as IL-17 can regulate NGAL expression [135].
One of the genomic responses to common cancer treatments such as ra-
diation and chemotherapy is the induction of NGAL expression [136].
NGAL is also upregulated in the visceral tissue of patients with colon
cancer [132]. The urine of other types of patients (e.g., thosewith kidney
disease) often contains NGAL [3]. NGAL has been shown to be essential
for disease progression in chronic kidney disease [130]. Anemia has
been show to upregulate NGAL expression [133]. The role(s) of NGAL
in chemotherapeutic drug resistance, invasion, and cancer metastasis
are not fully elucidated [73,102]. NGAL is predictive of a poor prognosis
in some cancers [73,91,105,134]. Ectopic NGAL expression enhanced
positively the ability of prostate cancer cells to form colonies in soft
agar; likewise, suppression of NGAL dramatically inhibited colony for-
mation [91,105,134].

6. The hypoxic response and NGAL

NGAL is often implicated in the responses to hypoxia sometimes by
reducing apoptosis [137,138]. Hypoxia/reoxygenation will induce the
expression of NGAL. The effects of NGAL on hypoxia/reoxygenation
were examined in HK-2 kidney cells. Part of the protective effects of
NGAL after hypoxia/reoxygenation were determined to be the suppres-
sion of gene products involved in apoptosis [139].

microRNA (miR)-138 targets NGAL. Overexpression of miR-138 en-
hanced cell growth and prevented apoptosis in cardiomyocytes cul-
tured under hypoxic conditions. Overexpression of NGAL prevented
the protective effects of miR-138 expression. These studies point to a
link betweenmiR-138, NGAL and hypoxia-induced cardiomyocyte apo-
ptosis [140].

The effects of NGAL on apoptosis have been examined in tubular ep-
ithelial cells in a hypoxia–reperfusion model system. The levels of pro-
teins involved in apoptosis (Bcl-2, Bax, Fas and FasL), two potential
NGAL receptors (24p3R and megalin) were examined in NRK-52E
cells. In this hypoxia–reperfusion model, NGAL induced cell prolifera-
tion and suppressed apoptosis. The expression of 24p3R and megalin
was increased after hypoxia–reperfusion but suppressed after the addi-
tion of NGAL. In this model system, overexpression of 24p3R and
megalin induced anti-apoptotic Bcl-2 expression but decreased pro-
apoptotic Bax, Fas and Fas-L expression. The authors proposed that ec-
topic expression of NGAL in renal cells might be a therapeutic approach
in ischemia–reperfusion as it could lead to promotion of renal cell pro-
liferation and inhibition of apoptosis [141].

The invasion of extravillous trophoblasts (EVTs) is an important early
step in successful pregnancies. NGAL has been reported to enhance
MMP-9 activity in cancer cells which results in enhanced invasiveness.
The role of NGAL in the early placenta has been recently examined in
placental tissues obtained from previously pregnant women who
underwent elective termination. Other studies on NGALwere performed
with the choriocarcinoma cell line JAR. NGAL was detected in EVTs,
cytotrophoblasts and decidua but not in syncytiotrophoblasts. The addi-
tion of recombinant NGAL, to this system, did not promote proliferation
but did enhance invasion. Hypoxic conditions (2% O2) resulted in in-
creased NGAL expression and MMP-9 activity and also increased inva-
sive ability. These studies document the ability of NGAL and MMP-9 to
increase invasive properties in placental cells [142].

7. MMP-9 and NGAL and the tumor microenvironment

NGAL is clearly an important regulator in themicroenvironment and
can play protective roles [143]. Chemokine expression can be regulated
byNGAL in certainmicroenvironments during ischemia and reperfusion
[144]. NGALhas been shown to have protective effects on hypoxia/reox-
ygenation induced injury of certain cells [145]. VEGF expression can be
induced through HIF-1alpha which requires ERK activity. This NGAL/
HIF-1alpha/VEGF axis has important effects on the angiogenesis and tu-
morigenesis of breast cancer cells [94,146]. MMP-9 is also important in
the tumor microenvironment and angiogenesis. Tissue infiltrating
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neutrophils have been shown to be an important source of MMP-9 in
the tumor microenvironment [147]. C-X-C motif chemokine 12/C-X-C
chemokine receptor type 7(CXCR7) has been shown to regulate breast
cancer metastasis by enhancing expression of MMP-2, MMP-9 and vas-
cular cell-adhesionmolecule-1 (VCAM-1). CXCR7was determined to be
highly expressed in human invasive ductal carcinoma (IDC) and meta-
static breast tissues [148]. MMP-9, like NGAL, is an NF-kappaB-respon-
sive gene. Cytokines such as IL-17 induce MMP-9 expression which
promotes invasiveness in colorectal cancer cells [149]. MMP-9 is impor-
tant in promoting the extravasation of tumor cells in the microenviron-
ment [150,151]. Prostate cancer cells can recruit bone marrow (BM)
derivedmesenchymal stemcells (MSCs)which enhances themetastatic
ability of the prostate cancer cells. This occurred due to the increase in
the prostate cancer stem cell population. The increase in the prostate
cancer stem cell population led to increased expression of MMP-9 and
other factors e.g., Zinc finger E-box-binding homeobox 1 (ZEB-1),
cluster of differentiation surface antigen 133 (CD133), C-X-C chemokine
receptor type 4 (CXCR4)which increased themetastatic activity of pros-
tate cancer cells. This study also documented the importance of the
CXCL5-androgen receptor (AR) signaling axis in regulating these events
[152]. Irradiation induced angiogenesis via aMMP-9/miR-494/syndecan
loop in medulloblastoma cells [153]. Omega-3 polyunsaturated fatty
acids suppressed MMP-9 in cancer associated fibroblasts and inhibited
metastasis [154]. The Wnt-3a signaling pathway has been shown to be
important in MMP-9 expression both in the initial tumor site and in
the metastatic sites in stage IV colorectal cancer [155]. Elevated expres-
sion of alphavbeta6 on myoepithelial cells induced tumor promoter ef-
fects via TGF-beta-mediated increased expression of MMP-9 in the
tumor microenvironment of pre-invasive breast cancer. These authors
suggested that expression of alphavbeta6 may be useful in stratifying
breast cancer patients with ductal carcinoma in situ (DCIS) [156]. Extra-
cellular vesicles (EVs) were purified from cancer cell lines and deter-
mined to be stimulators of MMP-9, such as IL-6 and TGF-beta1 which
in turn induced the secretion of extracellular matrix metalloproteinase
inducer (EMMPRIN/CD147). Thesemolecules elicit key roles in immune
evasion, invasion and inflammation which are all important in the
tumor microenvironment [157].

Endothelial cells present in the prostate cancer microenvironment
promote prostate cancermetastasis. As such, they are newpotential tar-
gets of IL-6-, AR-, TGF-beta-, and MMP-9-induced signaling which are
important in prostate cancer metastasis [158]. MMP-9 null mice have
increased vascular leakage compared to wild-type mice. Using MMP-9
null mice, the microenvironment was shown to influence the response
to the chemotherapeutic drug doxorubicin inmammary tumors by con-
trolling vascular permeability and innate immune cell infiltration. Vas-
cular leakage was associated with response to doxorubicin [159].

8. Summary

The lipocalin NGAL has various functions in normal and malignant
growth and also as amarker for various diseases including; immunolog-
ical, kidney and cancer as well as others such as neurological and
memory disorders. NGAL has emerged as a potential target in many
cancers. Clearly, we are only beginning to understand the complex
roles of this protein in animal as well as plant physiology. Part of the di-
verse properties of NGAL may reside in its ability to interact with iron,
an essential mineral for various biological processes including bacterial
growth and infections and cancer as well as others. The roles that NGAL
and MMP-9 play in the tumor microenvironment are complex. MMP-9
is a critical component of metastasis as well as other biological process-
es. Often the effects of MMP-9 are analyzed in the apparent absence of
determination of the presence of NGAL. However NGAL can elicit effects
on colony formation and tumor survival in the absence of detectable
MMP-9 expression [91]. Clearly NGAL has important effects in regulat-
ing the sensitivity of certain cells to signal transduction inhibitors.
Many human tumors express significant amounts of NGAL. Clearly
NGAL can influence the responses to certain emerging therapeutic
agents used to treat cancers.
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