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A B S T R A C T

5-lipoxygenase (5-LO) is the key enzyme in the biosynthesis of leukotrienes and specialized proresolving lipid
mediators (SPM). It is mainly expressed in leukocytes and is part of the innate immune system. 5-LO can shuttle
between the cytosol and the nucleus. Upon cell activation the protein translocates from soluble cellular com-
partments to the nuclear membrane. Besides FLAP which is required for cellular leukotriene and SPM formation,
5-LO interacts with other proteins like coactosin-like protein (CLP), Dicer, β-catenin and p53. In this review, the
factors involved in the regulation of 5-LO expression, the role of 5-LO in the regulation of stem cell proliferation
and differentiation and its biological functions apart from leukotriene and SPM formation are summarized.

1. Canonical 5-lipoxygenase functions

The 5-lipoxygenase (5-LO) pathway was discovered several decades
ago [1,2]. Subsequently, many studies have been performed to char-
acterize the enzymes involved in the pathway, i.e. 5-LO, leukotriene
(LT)A4 hydrolase, LTC4 synthase and other enzymes involved in the
generation of 5-LO products derived from arachidonic acid like 5-HETE
or LTs which include leukotriene B4 (LTB4) as well as the cysteinyl-
containing leukotrienes LTC4, D4 and E4 [3]. The early studies on the
biological functions revealed that LTs are mediators of inflammatory
and allergic responses [4–6]. Many subsequent studies showed that the
5-LO pathway is part of the innate immune system and plays an im-
portant role in host defense reactions [7–9]. Although arachidonic acid
is by far the preferred substrate, 5-LO can also metabolize oxidized fatty
acids derived from arachidonic acid, eicosapentaenoic acid or doc-
osahexaenoic acid which leads to the formation of specialized pro-re-
solving mediators (SPM) [10] suggesting that 5-LO is involved in the
onset and the resolution of inflammatory reactions.

Intriguingly, in resting cells 5-LO is localized in soluble compart-
ments, i.e. either in the cytosol or in the nucleus depending on the cell
type (Fig. 1) [11,12]. In resting cells, nuclear 5-LO is located in the
euchromatin [13]. At present, the significance of this observation is
unclear but could be related to a regulatory role of 5-LO in transcrip-
tion. Upon cell activation, 5-LO translocates to the nuclear membrane
where it interacts with the 5-LO-activating protein (FLAP) for catalysis
(Fig. 1). Cellular localization of 5-LO (nuclear or cytosolic) is regulated

by at least three nuclear localization sequences and a nuclear export
sequence [14,15] which in part contain phosphorylation sites so that
their function is regulated by phosphorylation (see below).

Among the enzymes of the lipoxygenase family, 5-LO has several
unique properties. 5-LO activity is stimulated by diacylglycerides which
bind to the C2-like domain of 5-LO (Fig. 2) [16]. 5-LO binds ATP, its
activity is strongly calcium-dependent and it requires FLAP for efficient
product formation in intact cells (for review see [17,18]. Furthermore,
it interacts with dicer and coactosin-like protein (CLP) [19]. CLP acts as
a chaperone for 5-LO and upregulates its LTA4 production [20,21].

5-LO has been shown to be a substrate for various protein kinases in-
vitro and in-vivo (for review see [22]). Phosphorylation of different
residues has divergent consequences for 5-LO subcellular localization
and activity. In vitro, protein kinase (PK)A was found to phosphorylate
5-LO at Ser523 [23], p38 mitogen-activated protein kinase activated
protein kinase (MAPKAPK, MK)-2/3, PKA, and CaMK-II at Ser-271, and
ERK1/2 at Ser663 [24,25] (Fig. 2). The tyrosine kinases Fgr, HCK and
Yes have been shown to be able to phosphorylate Tyr42, Tyr53 and
either Tyr94 or Tyr445 [26]. However, whether all of these phos-
phorylations occur in-vivo is not clear and physiological functions of
most of them are unknown. In vivo, phosphorylation at Ser271 and
Ser523 has been shown. It was found that phosphorylation of Ser523
inhibits 5-LO activity and leads to the cytosolic localization, obviously
by blocking the function of the nuclear localization sequence which
comprises Ser523 [27] (Fig. 1). Phosphorylation of 5-LO at Ser271 in-
hibits the nuclear export by the blockade of the nuclear export sequence
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located around Ser271 so that the nuclear localization of 5-LO is
maintained [15]. Translocation of 5-LO from the cytoplasm to the nu-
cleus was observed in neutrophils following adherence to surfaces or
during cell differentiation of monocytes [11]. However, the signaling
pathways that mediate the nuclear import of 5-LO in the different cell
types are unknown. Nuclear localization of 5-LO has been associated
with a higher synthetic capacity for leukotriene B4 formation than the
cytoplasmic localization [28] whereas enhanced SPM formation was
associated with cytosolic 5-LO [29]. Consequently, it was suggested
that cytosolic 5-LO drives SPM formation whereas nuclear localization
promotes leukotriene formation [29,30]. However, this consideration is
rather simplistic since 5-LO activation is linked with translocation to
the nuclear envelope either from a cytosolic or soluble nuclear com-
partment [31] and because oxidized fatty acids require FLAP in order to
be accepted as substrate by 5-LO [32,33]. Subsequent studies confirmed
that lipoxin and resolvin formation by the 15-/5-LO pathway as well as
by platelet/leukocyte interactions are FLAP-dependent [34]. The bio-
chemical data suggest that the enzymatic formation of SPM by the 15-/
5-LO pathway preferentially occurs at the nuclear membrane and not in
the soluble compartment.

2. Regulation of 5-lipoxygenase expression

According to its function in immune reactions, 5-LO is mainly ex-
pressed in leukocytes. Granulocytes, monocytes/macrophages, mast
cells, dendritic cells and B lymphocytes express 5-LO, whereas platelets,
endothelial cells and erythrocytes do not [22] (Table 1). In the skin,
Langerhans cells strongly express 5-LO [35]. 5-LO expression on T cells
has been a matter of debate for many years. These cells express FLAP
but show low 5-LO expression when cultured under the usual cell cul-
ture conditions [36]. However, freshly isolated T cells seem to express
5-LO which is rapidly down-regulated during cell cultivation [37]. In
myeloid cells and cell lines, 5-LO is upregulated by agents that induce
cell differentiation (for review see [22]) and the combination of calci-
triol and TGF-β was by far the most potent combination [38]. The data
suggest that 5-LO is a TGF-β and vitamin D response gene. In mono-
cytes, 5-LO is upregulated during differentiation to M1 macrophages
whereas IL-4 which triggers M2 polarization leads to downregulation of
5-LO expression [39]. In B-lymphocytes, 5-LO expression shows a
strong cell cycle dependency where cell proliferation leads to a rapid
down-regulation of 5-LO expression [40]. Furthermore, 5-LO expres-
sion is observed in many cancer tissues and cells suggesting that the 5-
LO pathway is involved in cancer development [41]. This observation

might be related to the growth stimulating effect of 5-LO and its me-
tabolites on cancer cells and/or to the modulation of the cross talk
between infiltrating immune cells and the tumour microenvironment
by promoting escape mechanisms of the tumor from the immune system
[42].

Human 5-LO is encoded by the ALOX5 gene that is located on
chromosome 10 and comprises 71.9 kb (Fig. 3A). It is divided in 14
exons separated by 13 introns (termed introns A–M). The main 5-LO
transcript, containing all 14 exons, encodes for 673 amino acids and is
translated to a protein with a molecular weight of 77.9 kDa [43]. By
now, several alternatively spliced 5-LO transcripts are known. While
most of them contain premature termination codons, three shorter
transcripts missing either exon 4, exon 13 or a part of exon 12, are not
subjected to nonsense-mediated mRNA-decay and therefore lead to
putative 5-LO protein isoforms [44–46].

The promoter region upstream of the 5′ end of ALOX5 contains eight
GC boxes but neither TATA nor CAT boxes and thus resembles the
characteristics of a housekeeping gene [43] (Fig. 3A). The transcription
factors Sp1 and Egr-1 were shown to bind to these boxes in this pro-
moter region [47,48]. Furthermore, binding of transcription factors to
the promoter is regulated by DNA methylation and histone acetylation.
The 5-LO promoter is silenced by DNA methylation [49] and promoter
demethylation has been shown to induce 5-LO expression in non-
myeloid cells [50]. Addition of the HDAC inhibitor trichostatin A leads
to 5-LO promoter activation and ChIP analysis revealed an enhanced
binding of Sp1/Sp3 as well as RNA polymerase II to two proximal GC
boxes in the 5-LO promoter [51,52]. Enhanced 5-LO expression corre-
lated with the trichostatin A-induced activation of the H3K4 methylase
MLL (mixed lineage leukemia) which generates H3K4me3 signatures at
the 5-LO promoter and upregulates transcription [53]. Interestingly, the
oncogenic MLL-AF4 fusion protein leads to an up to 50-fold activation
of the 5-LO promoter suggesting that 5-LO expression is deregulated in
leukemias carrying chromosome translocations involving MLL.

5-LO expression in myeloid cells can be strongly induced by treat-
ment with calcitriol and TGF-β [38]. Interestingly, the calcitriol effect is
mediated by vitamin D receptor (VDR)-dependent stimulation of tran-
scriptional elongation and not by activation of the 5-LO promoter [54].
In a subsequent study, it was found that regulation of the elongation of
5-LO transcripts by calcitriol depends on the interaction of the VDR
with AF4 or the ectopic elongation activator AF4-MLL [55]. AF4 (AFF1)
is a member of the transcription elongation complex, which mediates
the conversion of RNA polymerase II from the initiation into the elon-
gation form by phosphorylation of the carboxy terminal domain at
Ser2. This explains the induction of the elongation form of RNA poly-
merase II by calcitriol at the distal part of the 5-LO gene [54]. This
mechanism is supported by the identification of several vitamin D re-
sponse elements located within the ALOX5 gene including a prominent
VDR binding site located in intron 4 [56,57] (Fig. 3B).

In myeloid cells, TGF-β induces 5-LO expression and activity [58]. It
is known that activation of TGF-β receptors leads to phosphorylation of
SMAD3 and the subsequent translocation of a SMAD3/4 complex to the
nucleus where it acts as a transcription factor complex in concert with
other transcriptional regulators [59]. Regarding 5-LO, SMAD-depen-
dent stimulation of transcript initiation as well as elongation have been
observed [60,61]. Mutational studies revealed two functional SMAD
binding elements (SBEs) close to the tandem array GC box within the 5-
LO core promoter (Fig. 3A). Induction of 5-LO promoter activity by
SMAD3/4 is MLL-dependent and knockdown of the MLL complex
component MEN1 attenuated the SMAD effect [61]. MEN1 has been
reported to interact with SMAD3 [62] so that it is most likely that
SMAD3/4 recruits the transcription activator MLL to the 5-LO promoter
via MEN1. Recently, it has been shown that apoptotic cells down-
regulate 5-LO expression in tumor-associated macrophages by MerTK-
dependent induction of c-Myb which leads to transcriptional repression
of 5-LO [63].

A comprehensive survey of the available ChIP-Seq data sets of

Fig. 1. Cellular localization and regulation of 5-LO activity. 5-LO can be either
located in the cytosol or nucleus, depending on the cell type. Upon stimulation
e.g. by calcium, it translocates to the nuclear envelope where it colocalizes with
FLAP and cPLA2 which releases arachidonic acid from the nuclear membrane.
FLAP transfers arachidonic acid to 5-LO where it is converted to LTA4. 5-LO can
be phosphorylated by extracellular signal–regulated kinases 1/2 (ERK) at
Ser663, MK-2/3 at Ser271 and PKA at Ser523.
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histone markers and transcription factors reveals that the 5-LO gene
contains three enhancer sites in the introns C, D and G where many
transcription factors which are key regulators of stem cell function and
lineage determinants bind (Fig. 3). RNA polymerase II signals also rise
in these areas which might point to the fact that these sites contain
polymerase II arrest sites where the enhancers can trigger transcrip-
tional elongation. In accordance with the predominant expression of 5-
LO in leukocytes and its differentiation-dependent regulation, master
transcription factors for myeloid and B-cell differentiation (SMAD1,
Wnt (TCF4), C/EBPα, GATA2) bind to the 5-LO gene (Fig. 3B). Inter-
estingly, there is a co-occupancy of all four master regulators which was
reported to regulate hematopoietic regeneration during stress response
[64]. Prominent binding can be also observed for PU.1, a master reg-
ulator of B cell differentiation [65] and for RUNX1 and RUNX3
(Fig. 3B). RUNX1 plays a key role in the generation of hematopoietic

cells from endothelial cells within the dorsal aorta, a process called the
endothelial-hematopoietic transition and it is essential for hematopoi-
esis [66]. RUNX3 is involved in the immunoglobulin class switching in
B cells [65]. Other key regulators of cell differentiation and survival
which bind to the 5-LO gene are p53 (see below) and the vitamin D
receptor (VDR) (Fig. 3B) which is not surprising since 5-LO is a vitamin
D responsive gene (see above) and 5-LO is induced by cytostatic drugs
in a p53-dependent manner [67]. We did not find ChIP-seq data sets for
SMAD3 in leukocytes but found a data set where the human hepatic
stellate cell line LX2 was treated with TGF-β and calcitriol and the
genome wide VDR and SMAD3 distribution was investigated by ChIP-
seq [68]. Binding of both transcription factors could be observed at
multiple sites throughout the 5-LO gene and binding was not restricted
to a few strong signals. This is in line with previous observations that
the TGF-β and vitamin D effects could not be located to distinct re-
sponse elements within the 5-LO gene [54,60,61]. Alternatively,
SMAD1 activation by TGF-β has also been shown [69] so that in light of
the prominent binding of SMAD1 to enhancers in the 5-LO gene,
SMAD1 might play a key role in 5-LO regulation by TGF-β.

Taken together, 5-LO is a gene which is prominently expressed in
leukocytes. It is upregulated in a cell differentiation-dependent manner.
Key determinants are calcitriol and TGF-β in myeloid cells which ob-
viously act in concert with other master regulators of stem cell re-
generation and differentiation including RUNX1, SMAD1, Wnt, C/
EBPα, GATA2 and p53 to drive 5-LO expression in myeloid and lym-
phocytic cell lineages.

3. 5-LO and Dicer

In a search for 5-LO interacting proteins with the yeast two hybrid
system, the K12H4 helicase which was later termed Dicer was identified

Fig. 2. Structure of 5-LO with phosphorylation
sites. 5-LO can be divided in an N-terminal
regulatory C2-like domain (light blue) and the
catalytic domain (grey) that contains the non-
heme iron (red sphere). Phosphorylation sites
are shown in orange. The structure was built
using the model of 5-LO wild type [105] based
on the crystal structure of Stable-5LOX [106].

Table 1
Expression and enzymatic activity of 5-LO in blood cells.

Cell type RNA Protein Activity References

Granulocytes ++ ++ ++ [113]
B-lymphocytes ++ ++ -/+a [36,114,115]
T-lymphocytes + +/-b – [36,37,116]
Dendritic cells + + + [117,118]
Mast cells + + + [119]
Monocytes/Macrophages ++ ++ ++ [120–122]
Erythrocytes – – – [123]
Platelets – – – [124]

a Only enzymatically active after redox stimulus in whole cells or after cell
lysis.

b Freshly isolated primary T cells express 5-LO, but expression is rapidly
down regulated under cell culture conditions.
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as one of the 5-LO interaction partners [19] (Fig. 2). Dicer is a multi-
domain RNA helicase/RNase III catalyzing final steps in the biosynth-
esis of microRNAs (miRNAs) and small interfering RNA (siRNA) from
dsRNA substrates [70]. miRNAs are small non-coding RNAs that control
gene expression. They mediate either translational repression or de-
gradation of their target transcripts after they are directed to their
binding sites in the 3′ untranslated region of their target mRNAs. Thus,
a distinct miRNA can modulate the expression of a variety of mRNAs
carrying appropriate recognition sites for the miRNA. It is well estab-
lished that miRNA control many physiological processes such as cell
type maintenance, cell proliferation, tissue differentiation, apoptosis,
signal transduction, organ development and stem cell properties [71].
Distinct miRNA expression patterns in various leukocyte types point to
an important function of miRNAs in the regulation of the immune
system, and dysregulation can result in pathological inflammatory

responses and cancer [72]. Therefore, the observed interaction of 5-LO
with Dicer is of considerable interest and raised the question whether 5-
LO alters Dicer activity and regulates physiological processes in-
dependent from arachidonic acid metabolism.

5-LO expression itself is also regulated by miRNAs. miR-219 which
is induced by resolvin D1 was found to modulate 5-LO expression [73].
Three miRNAs, miR-216a-3p, miR-19a-3p and miR-125b-5p have been
shown to directly target the 5-LO mRNA 3′UTR [37,74]. MiR-216-3p
also targets cyclooxygenase (COX)-2 and it was shown to inhibit col-
orectal cancer proliferation and to downregulate COX-2 and 5-LO [74].
Stimulation of human T lymphocytes with phytohaemagglutinin re-
sulted in a strong downregulation of 5-LO mRNA expression and in the
induction of miR-19a-3p [37]. The inhibition of miR-19a-3p with an
antagomir led to a significant increase in 5-LO mRNA expression in T
lymphocytes. The data suggest that miR-19a-3p and miR-125b-5p

Fig. 3. A) Schematic representation of the human ALOX5 gene coding for 5-LO. Consensus binding sites for transcription factors present in the 5-LO promoter are
shown on the left. Functionality has been demonstrated for SMAD, VDR and Sp1. B) ChIP-Seq data on histone markers and transcription factors which prominently
bind the ALOX5 gene, displayed in the Integrative Genomics Viewer [107]. H3K4me3, H3K27Ac, PU.1 and VDR signals are shown for THP-1 cells treated for 24 h
with 100 nM calcitriol [108,109], U2OS cells were treated with doxorubicin [110]. Sp1, RUNX3 [111], RUNX1 [112], GATA2, SMAD1, TCF7L2 (Wnt signalling) and
C/EBPα [64] show strong binding to distinct enhancer sites of 5-LO.
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target 5-LO in a cell type- and stimulus-specific manner. Interestingly,
miR-19a belongs to the miR-17∼92 cluster, which was reported to
inhibit TGF-β and Wnt signaling [75,76] and to be associated with T
cell proliferation [77]. Another interesting aspect is the observation
that overexpression of miR-125b-5p blocks the differentiation of the
promyelocytic cell line HL-60 by DMSO [78], regulates hematopoiesis
and overexpression induces myeloid leukemia in mice [79]. Of note, 5-
LO expression is upregulated during HL-60 cell differentiation [80,81].
In B cell development, miR-125b-5p and miR-19a play an important
role in the germinal center reaction, and it has been shown that both
miRNAs are upregulated in germinal center cells where 5-LO is sup-
pressed [82–84].

From the yeast two hybrid system data, it is known that the inter-
action occurs between 5-LO and the C-terminal 140 amino acids of
Dicer (1912 amino acids in total) [85]. Binding between 5-LO and Dicer
was confirmed with purified proteins and it was shown that the N-
terminal C2-like regulatory domain of 5-LO interacts with Dicer [85]
(Fig. 2). GST pull-down experiments with wildtype 5-LO and with a
mutated 5-LO protein where three Trp (W13/75/102) were changed to
Ala suggest that these residues are involved in binding since the 5-LO
mutant is still catalytically active but lost its ability to interact with
Dicer. The same mutation also interrupted coimmunoprecipitation of
HA-tagged 5-LO and FLAG-tagged Dicer C-term from transfected
HEK293 cells. Regarding Dicer activity, 5-LO alters the Dicer product
pattern in vitro, inducing the formation of 10–12 bp small RNAs [85].
in vitro, the 5-LO interaction domain of Dicer stimulates Ca2+-induced
5-LO activity, albeit not as efficiently as phosphatidylcholine or CLP. At
present, it is unclear whether modulation of dicer activity requires
catalytically active 5-LO or not. Furthermore, only in-vitro data are
available at the moment and the functional consequences of the 5-LO/
Dicer interaction at the cellular level is unclear. No data are available
whether 5-LO can alter the miRNA spectrum generated by Dicer in 5-LO
positive cell types and whether this is associated with certain functional
consequences.

4. 5-LO as effector and regulator of p53

As already mentioned, expression of 5-LO along with other proteins
of the leukotriene generating machinery is well documented in cancers
from different origin such as breast, prostate, blood and GI tract tissues.
This overexpression often correlates with tumour size and stage, me-
tastasis potential, tumour microvessel density and poor patient survival
in colon carcinomas. Still, the mechanism underlying 5-LO-driven tu-
morigenesis remains elusive. Interestingly, enzymatic activity is barely
detectable in 5-LO overexpressing cells (for review see [41]). From
studies employing animal models or tumour cell lines two well estab-
lished tumour-promoting pathways, the wnt/β-catenin axis and the p53
network emerged which were found to interact with 5-LO on the pro-
tein as well as on the product level [67,86–88].

Preserving genomic integrity, p53 is often referred to as ‘guardian of
the genome’. The protein is extensively regulated on different levels
such as gene transcription, splicing and translation depending on the
tissue [89,90]. In addition, p53 is modified post-transcriptionally by
phosphorylation and acetylation. These different aspects result in a
myriad of p53 variants with differing activities. P53 is a transcriptional
regulator that is activated by genotoxic stress where it induces the
transcription of genes that trigger growth arrest to allow DNA repair of
the affected cell. If DNA damage is irreparable, p53 can directly trigger
apoptosis or cell senescence and also sensitize to ferroptotic death in
order to prevent tumor formation [91]. Furthermore, stem cells use p53
to control renewal and differentiation [92]. Due to its fundamental role
in the integrity of the genome, it is not surprising that p53 is the by far
most frequently mutated gene in human cancer where its function is
attenuated or lost due to gain of function or frameshift mutations [93].

The first report pointing to an interaction of 5-LO with p53 was
published by Catalano et al. [88]. It was shown that 5-LO is time-

dependently upregulated by genotoxic stress induced by UV irradiation,
oxidative agents (H2O2) or treatment with the cytostatic drugs etopo-
side and doxorubicin in different human cancer cell lines. Since cells
carrying a p53 frameshift mutation also upregulated 5-LO upon these
stimuli, the authors concluded that this upregulation was p53 in-
dependent. Overexpression of 5-LO in 5-LO negative cell lines conferred
resistance to apoptosis induced by the genotoxic agents whereas a
catalytically inactive 5-LO mutant showed no protective effect. Con-
sistently, inhibition of 5-LO by the inhibitor AA-861 as well as knock-
down of the enzyme via antisense technology sensitized 5-LO over-
expressing cells to doxorubicin-induced apoptosis. Of note, exogenous
addition of 5-HETE also inhibited p53-induced apoptosis. The authors
investigated the underlying mechanism further and found that 5-LO
overexpression decreases the p53-dependent upregulation of BAX and
PIG3, two proteins related to apoptosis induction, in A549 cells treated
with doxorubicin. Of interest, the p53-mediated upregulation of p21
and mdm2 was not affected by 5-LO. This suggests a selective inhibition
of apoptosis by 5-LO while p53-triggered cell cycle arrest seems to be
spared. Furthermore, expression of luciferase constructs from different
p53 target gene promoters was hindered in the presence of 5-LO which
was probably due to alteration of p53 nuclear trafficking by disruption
of the p53/PML interaction in nuclear bodies which was dependent on
5-HETE. Cellular 5-LO co-localization with p53 was not investigated in
this study [88].

p53-dependent 5-LO expression was observed in DU145 prostate
cancer cells [94]. Recently, 5-LO was identified as a direct p53 target
[67]. p53 binding to the ALOX5 gene was found by ChIP-seq analysis in
actinomycin D treated U2OS cells, yielding a prominent p53 signal in
intron G (Fig. 3). Sequence analysis revealed a DNA consensus sequence
for p53 in intron G which interestingly overlaps with the histone me-
thylation mark H3K4me1 suggesting that the p53 binding site is located
in a transcriptional enhancer region. Accordingly, 5-LO was upregu-
lated upon genotoxic stress induced by actinomycin D or etoposide
along with p53 expression in different cell lines. A p53 mutant (R273 H)
without DNA binding capacity did not induce 5-LO expression upon
genotoxic stress. Absence or knockdown of p53 completely abrogated
the genotoxic stress-induced 5-LO induction. Of interest, confocal mi-
croscopy revealed a co-localization of 5-LO and p53 upon stimulation
with actinomycin D or etoposide and coimmunoprecipitations con-
firmed this finding. In addition, the presence of 5-LO impaired the
upregulation of p53 target genes in reporter gene assays in HEK293
cells pointing to a direct influence of the 5-LO protein on p53 function
(Fig. 4).

In contrast to its pro-tumorigenic role, 5-LO was also shown to
regulate cell senescence by inducing growth arrest in cells via a ROS-
dependent p53 activation [95]. Here, the authors showed that human
fibroblasts (WI-38) arrested with an H-Ras mutant (HRasV12) strongly
upregulate global 5-LO, p53 and p21 content and also show an increase
in nuclear 5-LO. In addition, cytosolic phospholipase A2 (cPLA2) and

Fig. 4. Developmental signaling pathways which regulate (induce) 5-LO ex-
pression and which are modulated themselves by 5-LO. The dashed lines in-
dicate pathways where only binding but no functional data have been reported.
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COX-2 are moderately upregulated. The HRasV12 overexpression went
along with elevated ROS levels that induced the growth arrest in cell
culture and were dependent on 5-LO and p53/p21. In line, hypoxic cells
carrying the H-Ras mutant still overexpressed 5-LO but continued to
proliferate. This was due to reduced 5-LO-dependent ROS levels re-
sulting from the minimal oxygen level present. Of note, 5-LO did not
upregulate p53 in this system but rather influenced p53 activity via
ROS-triggered phosphorylation.

Taken together, there is substantial evidence that 5-LO expression is
regulated by p53. Furthermore, 5-LO itself, in addition to its catalytic
activity, seems to regulate p53 trafficking and transcriptional activity.
Further studies employing 5-LO and p53 knockout cells as well as
physiologic concentrations of 5-LO-derived lipid mediators will help to
decipher the exact role of the enzyme in regulation of cell death and
tumorigenesis.

5. 5-LO as regulator of the Wnt and other developmental
pathways

The canonical Wnt signaling pathway is a highly conserved pathway
which regulates embryonic development, adult tissue homeostasis, cell
polarization, stem cell biology, cell differentiation, and proliferation
[96]. Additionally, the Wnt signaling is of pivotal importance in cancer
development and crucially affects tumor initiation, cancer cell pro-
liferation, cancer cell apoptosis, self-renewal of leukemic cells and
metastasis [97]. In particular, dysregulation of the Wnt//β-catenin
signaling pathway seems to play an important role in the self-renewal of
leukemic stem cells [98]. Dysregulated 5-LO expression has been found
in many types of leukemia which also show deregulated Wnt/β-catenin
signaling (for review see [99]). Recently, it was found that 5-LO is
strongly upregulated in AML1/ETO-positive AML [100]. In the same
study, it was then shown that loss of 5-LO expression reduces the leu-
kemic activity of RUNX1-ETO9a, MLL-AF9 and PML-RARα. Interest-
ingly, these leukemia-associated fusion proteins are also known to in-
duce aberrant activation of canonical Wnt signaling which in turn leads
to an increased self-renewal capacity of leukemic stem cells [101].

Another link between leukemia development and the 5-LO pathway
came from the observation that 5-LO is required for the aberrant self-
renewal capacity of leukemic stem cells in a murine BCR/ABL chronic
myeloid leukemia model [86]. Recipients of BCR/ABL transduced bone
marrow cells from 5-LO negative donor mice failed to develop chronic
myeloid leukemia, whereas recipients of BCR/ABL-transduced bone
marrow cells from wild type donor mice developed the disease and died
within 4 weeks. In the absence of 5-LO, myeloid leukemia cells gra-
dually disappeared in the leukemic mice. Interestingly, 5-LO knockout
does not seem to lead to a defect in normal hematopoiesis and did not
affect BCR/ABL-induced acute lymphoid leukemia [86] indicating a
lineage-specific effect. Interestingly, the 5-LO inhibitor zileuton at
300mg/kg twice a day had similar effects as 5-LO knockout suggesting
that 5-LO activity might play a role in CLL development. The impaired
self-renewal of the myeloid leukemic stem cells in the absence of 5-LO
correlated with a reduction of GATA-1 and β-catenin expression which
suggests a link between aberrant BCR/ABL activity, 5-LO and Wnt
signaling.

A key role of 5-LO for the maintenance of leukemic stem cells was
also shown in a PML/RARα-positive stem cell model of acute myeloid
leukemia [87]. The 5-LO inhibitor CJ-13,610 abolished the aberrant
replating efficiency of PML/RARα-expressing hematopoietic stem and
progenitor cells and CJ-13,610 inhibited the long term and short term
stem cell capacity but no cytotoxic effect of CJ-13,610 was observed in
the PML/RARα-negative control cells. CJ-13,610 even slightly stimu-
lated the stem cell capacity in control cells. Furthermore, stem cell
suppression by CJ-13,610 in PML/RARα-positive cells coincided with
inhibition of Wnt signaling. Mechanistically, it was found by coimmu-
noprecipitation that 5-LO interacts with β-catenin and that catalytically
inactive 5-LO prevents translocation of β-catenin and traps the protein

at the nuclear envelope [87]. By that way, CJ-13,610 prevents the en-
trance of β-catenin into the nucleus and transcriptional activation of
Wnt target genes. Of note, 5-LO knockout did not affect the aberrant
stem cell capacity in the PML/RARα model suggesting that trapping of
β-catenin by inactive 5-LO is essential for the effect or that the in-
hibitors interact with additional targets to prevent Wnt activity (Fig. 4).

The link between 5-LO and Wnt was confirmed recently by another
study where a screening for Wnt inhibitors was performed in which a
3,5-substituted-2,4-dimethoxypyridine derivative, lipoxygenin, was
identified as inhibitor of Wnt signalling [102]. It turned out that the
compound does not directly interfere with β-catenin but that it is a
nonredox-type 5-LO inhibitor which modulates the β-catenin/5-LO
complex and reduces β-catenin levels in the nucleus, similar to the
structurally unrelated compound CJ-13,160 [87]. Subsequent studies
revealed that CJ-13,160 and lipoxygenin not only inhibit Wnt signalling
but also interfere with hedgehog, TGF-β, BMP and activin A signaling in
the same concentration range [102] (Fig. 4). Lipoxygenin and CJ-
13,610 promote cardiac differentiation of human induced pluripotent
stem cells which is in accordance with the expected pharmacological
profile. Of note, there is a good correlation between the 5-LO inhibitory
potency and the capacity to interfere with developmental pathways
with both compounds.

The mechanism how both compounds interfere with hedgehog,
TGF-β, BMP and activin A signalling is unknown at the moment.
Regarding Wnt signalling, it seems that 5-LO acts as a kind of chaperone
which regulates translocation of β-catenin between the cytosol and the
nucleus. β-Catenin relies on chaperones to enter and exit the nucleus
since it lacks nuclear localization (NLS) and nuclear export (NES) sig-
nals [103]. 5-LO contains functional NLS and NES motifs (see above) so
that 5-LO might act as STRaND (shuttling transcriptional regulator and
non-DNA binding) protein in the Wnt pathway by regulating β-catenin
localization [104].

6. Conclusion

Besides its function as key enzyme in the biosynthesis of leuko-
trienes and SPM, there is accumulating evidence that 5-LO has addi-
tional, noncanonical functions. It interacts with Dicer and might be a
modulator of miRNA formation under certain physiological conditions.
The enzyme is mainly expressed in leukocytes. It is regulated in a cell
cycle and cell differentiation-dependent manner. It is a TGF-β and vi-
tamin D response gene which seems to be controlled by transcription
factors that regulate stemness, lineage-specific differentiation of mye-
loid and lymphocytic cells including p53 and the Wnt pathway (Fig. 4).
Recently, it has become evident that the 5-LO protein can interact with
p53 and β-catenin suggesting a function of 5-LO as modulator of gene
transcription which might be part of a regulatory circuit for fine tuning
of gene transcription to adapt immune functions to certain physiolo-
gical and pathophysiological conditions and to regulate stem cell re-
plication and leukocyte differentiation as part of the immune response
and of tissue regeneration and resolution of inflammation. An inter-
esting aspect is that 5-LO can serve as drug target and that certain small
molecule 5-LO inhibitors have been identified that inhibit aberrant
stem cell activity of certain leukemic cells by interference with the Wnt
signalling pathway. One interesting aspect will be to optimize these
inhibitors for the modulation of developmental pathways such as Wnt.
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