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5-Lipoxygenase (5LO) is a key enzyme in leukotriene (LT) biosyn-
thesis. Two accessory proteins, coactosin-like protein (CLP) and 5-
lipoxygenase-activating protein (FLAP), can support 5LO activity.
To study the roles of CLP and FLAP, we knocked down these pro-
teins in the human monocytic cell line Mono Mac 6 (MM®6). Expres-
sion of CLP increased MM6 cellular 5LO activity for all stimuli
tested. CLP is not absolutely crucial, however; some 5LO activity
remained in all incubations of CLP knockdown cells. FLAP knock-
down had minor effects in the presence of exogenous arachidonic
acid, but led to prominent reductions in 5LO product formation
from endogenous substrate. Similar effects were observed after
CLP and FLAP knockdown in human primary macrophages as well.
In addition, FLAP knockdown reduced conversion of leukotriene
A, to leukotriene C4 (LTC,), suggesting a role for the activity of
LTC, synthase. After stimulation of MM6 cells by phorbol myris-
tate acetate and ionophore A23187, a perinuclear ring pattern was
observed for 5LO. This redistribution from cytosolic to perinuclear
was clearly compromised in both CLP- and FLAP-deficient cells. In
addition, association of CLP with the nucleus was almost absent
after 5LO knockdown, and was clearly reduced in FLAP knock-
down cells. Coimmunoprecipitation experiments indicated that
5LO-CLP complex formation in MMG6 cells was increased by stimu-
lation with ionophore, and that this complex was formed to the
same extent in FLAP knockdown cells. A possible interpretation of
our findings is that on cell stimulation, formation of the 5LO-CLP
complex augments the translocation from cytosol to nucleus,
whereas FLAP stabilizes association of this complex with the
perinuclear membrane.
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Leukotrienes (LTs) are lipid mediators of inflammation with
roles in both normal host defense and pathophysiological
conditions (1). 5-Lipoxygenase (SLO) is a key enzyme in LT
biosynthesis, and its regulation is a determinant of LT formation
(2). In addition, 5LO is involved in biosynthesis of lipoxins and
resolvin E1 (3).

Cellular SLO activity depends on several cofactors that regu-
late LT biosynthesis and prevent LT 2plroduction in unstimulated
situations. Increased intracellular Ca”* levels activate and trans-
locate SLO to the perinuclear region, where it accesses its sub-
strate arachidonic acid (AA) released by cytosolic phospholipase
A; (cPLA;) (1). Cellular formation of LTs from endogenous AA
depends on the small membrane protein SLO-activating protein
(FLAP) (4). FLAP has been suggested to function as a mem-
brane anchor scaffold for 5SLO to facilitate the transfer of AA
to SLO (5, 6). In the cell, SLO is subject to phosphorylation. MAP
kinase pathways can activate SLO during cell stress (7), where-
as phosphorylation by protein kinase A inhibits cellular SLO
activity (8).

SLO has two domains, an N-terminal C,-like regulatory do-
main with a p-sandwich structure and a catalytic C-terminal
domain composed predominantly of a-helices that harbors the
prosthetic iron (9). Ca**, phosphatidylcholine (PC), and coac-
tosin-like protein (CLP) bind to the C,-like domain (10-12), and
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this domain is important in Ca**-stimulated membrane associ-
ation in intact cells (13). Human CLP was first identified as
a SLO-binding protein in yeast two-hybrid screening with 5LO as
bait (14). Native PAGE and chemical cross-linking experiments
showed that in vitro SLO binds CLP with 1:1 molar stoichiometry
(15). A member of the ADF/cofilin group of actin-binding pro-
teins, CLP also binds F-actin (16). Binding of CLP has been
shown to support Ca®*-induced 5LO activity in vitro and to in-
crease leukotriene A, (LTA,) formation when PC is included in
incubation mixtures (12, 17).

In the present study, we knocked down the expression of CLP
and FLAP in MMB6 cells and human macrophages, respectively,
and compared the effects on LT formation. Our results show that
expression of CLP up-regulates cellular SLO activity with all stimuli
tested. FLAP is essential in the processing of endogenous AA and
also plays an important role in the efficient formation of leuko-
triene C4 (LTC,).

Results

Generation of Stable CLP, FLAP, and 5LO Knockdown Cells. To achieve
stable knockdown for CLP, FLAP, and 5LO in Mono Mac 6
(MMBO) cells, we used lentiviral vectors stably expressing sShRNA.
This resulted in successful knockdown, as determined for both
mRNA and protein (Fig. S1). The expression levels of CLP and
FLAP mRNAs were reduced to 10-13% after knockdown, and
only weak protein bands remained in the Western blots. There
was no significant difference in the expression level of CLP or
FLAP before and after differentiation (Fig. S2). As expected,
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Fig. 1. CLP increases the cellular activity of 5LO in MM6 cells. (A and B)
Control and stable knockdown (Kd) cells were differentiated as described in
Materials and Methods. Differentiated cells (~1.2 x 10° cells in 1 mL of PGC
buffer) were incubated with 5 pM ionophore A23187 and 40 uM AA for
10 min at 37 °C, after which the reaction was stopped by adding 1 mL of ice-
cold methanol with internal standards. After solid-phase extraction, for-
mation of 5-HETE (A) and LTC, (B) was analyzed by HPLC. Data are mean +
SD of two independent experiments; n = 6. ***P < 0.001; *P < 0.05. (C)
Western blot analysis of 5LO expression levels in control (nontarget shRNA)
and Kd cells. The samples are supernatants of total cell lysates, and each
sample contains 50 ug of protein.

SLO expression was strongly up-regulated during differentiation
with vitamin D3 and TGF-p (18-20), and this up-regulation was
repressed in cells previously subjected to SLO knockdown. In the
differentiated knockdown cells, 5SLO mRNA was reduced to
15% of control levels, and SLO protein was practically absent
(Fig. S1C). The expression levels of SLO, CLP, and FLAP in
control cells (transfected with nontarget ShRNA) were comparable
with those in parental untransformed WT cells. Knockdowns were
specific; SLO did not change after knockdown of FLAP or CLP
(Figs. 1C and 5 and Fig. S2), and CLP was stable after knockdown
of 5SLO or FLAP (Fig. 7). In addition, FLAP expression remained
unaffected after knockdown of SLO or CLP (Fig. S2).

Cells were analyzed regularly before use in different experi-
ments to ensure a stable extent of knockdown. Cell proliferation
during the differentiation period (4 d) was always checked and
compared for the various cell types (nontarget sSiRNA control,
CLP, FLAP, and 5LO knockdowns) in a specific experiment.
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Typically, during differentiation, proliferation ceased similarly
for all cell types, and the MMG6 cells became slightly adherent.
No obvious morphological changes were observed for these
knockdown cells compared with controls.

CLP Increases Cellular 5LO0 Activity. After differentiation, the major
SLO products in control and WT MMB6 cells incubated with ion-
ophore and exogenous AA were 5(S)-OH-eicosatetraenoic acid
(5-HETE) and LTC,. Formation of leukotriene By (LTB,) was
always minor (<10% of LTC,). Moreover, the yield of non-
enzymatic hydrolysis products of LTA, was <10% of that for these
products of LTC,, indicating a high capacity for conversion of
LTA, to LTC; in differentiated MM6 cells. In CLP knockdown
cells, formation of 5-HETE and LTC, was reduced by 39% and
31%, respectively, compared with control cells (Fig. 1). In FLAP
knockdown cells, there was a significant decrease in the formation
of LTC, (37% reduction), but 5-HETE formation was hardly af-
fected. These differences in SLO activity were not related to dif-
fering SLO expression levels (Fig. 1C); nearly complete depletion
of both 5-HETE and LTC, formation, as well as of 5LO protein,
was observed in SLO knockdown cells.

These results indicate that CLP is required in MMG6 cells to
obtain the maximum cellular 5LO activity in incubations with
the nonphysiological combination of ionophore and exoge-
nous AA. The findings with FLAP knockdown cells support
the idea that processing of exogenous AA to 5S-HETE does not
depend on FLAP. The decreased formation of LTC, in FLAP
knockdown cells suggests that FLAP may influence LTC,
synthase activity.

Effects of CLP or FLAP Knockdown Are More Prominent in the
Absence of Exogenous AA. Formation of 5-HETE and LTC, was
considerably lower when MMG6 cells were stimulated with iono-
phore A23187 alone compared with stimulation with ionophore
A23187 plus AA. For this incubation condition, the absence of
CLP resulted in a 53% reduction of 5-HETE formation and
a 56% reduction in LTC, formation. For FLAP knockdown cells,
an approximate 78% decrease in both 5-HETE and LTC, was
observed (Fig. 24).

Priming of MM6 cells with phorbol myristate acetate (PMA)
before ionophore stimulation has been shown to increase SLO
activity in parallel with increased SLO phosphorylation and nu-
clear association (19). For this incubation condition, absence of
CLP resulted in a 59% reduction in 5-HETE formation and
a 50% reduction in LTC,4 formation. For FLAP knockdown cells,
an approximate 76% decrease in both 5-HETE and LTC, was
observed (Fig. 2B).

We finally subjected MMG6 cells to a physiological stimulus,
involving LPS priming followed by N-formylmethionyl-leucyl-
phenylalanine (fMLP). With this stimulus, only LTC, formation
was detectable, with no 5-HETE formation (Fig. 2C). The ab-
sence of CLP resulted in an approximate 70% decrease in
LTC, formation, and no LTC,; was detectable after FLAP
knockdown. The formation of 5-HETE and LTCy, and their
ratios, in the various conditions are summarized in Table S1.

The incubation results show that the presence of CLP in MM6
cells increased SLO activity for all stimuli tested (Table S1). At
the same time, CLP was not crucial, given that some 5LO activity
remained in all incubations of CLP knockdown cells. FLAP
knockdown had minor effects in the presence of exogenous AA
(Fig. 1), but showed prominent reductions of SLO product for-
mation from endogenous substrate. When MMG6 cells were
stimulated with LPS plus fMLP, expression of FLAP was crucial
for 5LO activity (Fig. 2).

FLAP Has a Role in the Efficient Formation of Cys-LTs. To investi-
gate whether FLAP can influence LTC, synthase activity, we
incubated MMG6 cells with LTA,. We found a significant reduction
(by ~34%) in LTC,4 formation in FLAP knockdown cells, whereas
CLP and 5LO knockdown cells had the same LTC, yield as control
cells (Fig. 34). The expression levels of LTC, synthase in all cells
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Fig. 2. Effects of CLP or FLAP knockdown on 5LO product formation in the
absence of exogenous AA. Control and stable knockdown cells were dif-
ferentiated as described. (A) Differentiated cells (~2 x 10° cells in 1 mL of
PGC buffer) were incubated with 5 pM ionophore A23187 for 10 min at
37 °C. (B) Differentiated cells (~2 x 106 cells in 1 mL of PGC buffer) were first
primed with PMA 100 nM at 37 °C for 10 min and then stimulated with
5 pM ionophore (A23187) for another 10 min. (C) Differentiated cells (~4 x
10° cells in 1 mL of PGC buffer) were first primed with LPS (1 pg/mL) for 20
min and then stimulated with fMLP (1 uM) for another 10 min. Data are
mean + SD of two independent experiments; n = 6 (A and B) or n =5 (C).
**%P < 0.001; **P < 0.005.

were comparable (Fig. 3B). Moreover, LTB, formation was minor
in these LTA, incubations (<10% of LTC,4). When conversion to
LTC4 was decreased (FLAP knockdown cells), a significant in-
crease in the LTB, isomers formed nonenzymatically from LTA,
was observed. These results indicate that FLAP may modulate
LTC, synthase activity and/or might prevent hydrolysis of LTA,.

CLP Coimmunoprecipitates with 5L0 After lonophore Stimulation.
MMB6 cells were stimulated with ionophore A23187 or vehicle
for 5 min. Cells were lysed in presence of protease inhibitors, and
the lysate was subjected to immunoprecipitation with an affinity-
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purified 5SLO antibody. Cell lysates and immunoprecipitates
were subjected to Western blot analysis for SLO and CLP. The
5LO bands were similar in intensity regardless of cell stimula-
tion in both the input lysates and in immunoprecipitates. The
amounts of CLP were also similar in the input lysates, but the
CLP band was considerably stronger in the immunoprecipi-
tate from ionophore-treated cells compared with unstimulated
control cells (Fig. 4). The same result was observed when PMA-
primed cells were stimulated with ionophore (Fig. S3). This
indicates that binding between 5LO and CLP in MM6 cells
is increased during cell stimulation, leading to LT production.
Interestingly, ionophore up-regulated coimmunoprecipitation
(co-IP) of CLP with 5LO was observed in FLAP knockdown
cells as well. This suggests that binding of CLP to 5LO occurs
at nonnuclear sites, and that binding of CLP to 5LO at the
perinuclear membrane may be independent of FLAP. When
immunoprecipitates were analyzed by FLAP Western blot,
no signal appeared, even though FLAP was present in the in-
put lysates.

CLP and FLAP Are Required for Stable Nuclear Membrane Association
of 5L0. Intracellular localization of SLO was assessed by sub-
cellular fractionation using mild detergent (Nonidet P-40) lysis,
followed by Western blot analysis of the resulting nonnuclear
and nuclear fractions. In unstimulated cells, almost all 5LO re-
sided in the nonnuclear fraction; no association of SLO with the
nuclear fraction was detectable in control or FLAP/CLP knock-
down cells (Fig. 5). When control MM6 cells were primed with
PMA and stimulated with ionophore, a substantial amount of 5SLO
appeared in the nuclear fraction, as reported previously (19).
The outcome was different for CLP and FLAP knockdown cells.
In both cases, association of 5LO with the nuclear fraction was
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Fig. 3. FLAP plays a role in the cellular formation of LTC,. (A) Differentiated
control and knockdown MM6 cells (~2 x 10° cells in 1 mL of PBS) were in-
cubated with 5 uM LTA, for 5 min at 25 °C. The formation of LTC, was de-
termined by HPLC. Data are mean + SD of two independent experiments;
n = 6. ***P < 0.001. (B) Cell lysates of control and knockdown cells were
subjected to Western blot analysis with anti-LTC4 synthase antibody. The
samples are supernatants of total lysates, and each sample contains 50 ug of
protein. As a loading control, membranes were reprobed with p-actin to
analyze the expression levels of LTC, synthase.
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Fig. 4. Increased CLP-5LO coimmunoprecipitation in ionophore-stimulated
MMB6 cells. Differentiated control and FLAP knockdown MM6 cells (~2 x 10°
cells) in PGC buffer were stimulated with ionophore A23187 (5 pM) as in-
dicated for 5 min and then lysed (Materials and Methods). Equal amounts of
protein lysates were subjected to immunoprecipitation with either normal
rabbit IgG or anti-5LO antibody. 5LO and CLP in the lysates (inputs) and in
immunoprecipitates were detected by immunoblot analysis with anti-5LO
and anti-CLP antibodies. Similar results were obtained for control MM6 cells
in four additional independent experiments and for FLAP knockdown cells in
one additional experiment.

clearly diminished (Fig. 5). B-actin served as an internal loading
control for nonnuclear fractions, and histone H, served as a
loading control for nuclear fractions. As determined by densi-
tometric analysis (Fig. S4), the SLO/H, ratio of the nuclear fraction
from FLAP knockdown cells decreased to approximately 18-25%
compared with control cells, and the SLO/H, ratio of the nuclear
fraction from CLP knockdown cells decreased to approximately
24-32% compared with control cells (estimated from three
independent experiments).

The subcellular localization of SLO in differentiated MMG6
cells was also evaluated by immunocytochemistry analysis (Fig.
6). In unstimulated nontarget shRNA control cells, SLO was
localized in the cytosol; no staining overlapped with the nuclear
marker DAPI. The pattern was the same for unstimulated CLP
and FLAP knockdown cells. After stimulation of control MM6
cells by PMA and ionophore A23187, a clear perinuclear ring
pattern was seen for 5LO in the majority of cells. This re-
distribution from cytosolic to perinuclear was clearly compro-
mised by CLP or FLAP knockdown. As shown in Fig. 6, in
stimulated CLP and FLAP knockdown cells, SLO staining
remained diffusely cytosolic, rather similar to that seen in the
unstimulated cells.

Unstimulated Stimulated
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Fig. 5. CLP and FLAP are required for association of 5LO with the nucleus
during MMB6 cell stimulation. Differentiated MM6 cells (control transfected
with nontarget shRNA and knockdown cells) were primed with PMA
(100 nM) at 37 °C for 10 min, followed by stimulation with ionophore A23187
(5 uM) for another 5 min. After cooling on ice, subcellular fractionation was
performed by mild detergent (0.1% Nonidet P-40) lysis (Materials and
Methods). Equal protein amounts (40 pg) of nonnuclear and nuclear frac-
tions were analyzed by 5LO Western blot analysis. p-actin and histone H4
served as loading controls of nonnuclear and nuclear fractions, respectively.
Similar results were obtained in two additional experiments.
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CLP Comigrates with 5L0 on Cell Stimulation. On stimulation of
neutrophils or MMB6 cells, an increased nuclear association has
been demonstrated for CLP as well (12, 17, 21). Here we con-
firmed the pattern that nuclear fractions from MMG6 cells stim-
ulated with PMA followed by ionophore were enriched not only
with SLO, but also with CLP (Fig. 7). To determine whether this
change in subcellular localization of CLP depended on 5LO
binding, we tested the knockdown cells as well. After stimulation
of 5LO knockdown cells, the CLP Western blot band of the
nuclear fraction was clearly diminished (Fig. 7). In fact, the weak
shadow band still present was similar to that seen for CLP
knockdown cells, suggesting that it may be background. More-
over, in the nuclear fraction from FLAP knockdown cells, there
was a reduction in the nuclear 5SLO Western blot band (Fig. S4),
as well as in the CLP band (Fig. S5). These observations support
the idea that CLP may comigrate with 5LO on cell activation,
leading to increased association with the nucleus.

Knockdown of CLP and FLAP in Human Macrophages Decreases LT
Formation. We evaluated the roles of FLAP and CLP in pri-
mary macrophages derived from peripheral blood monocytes.
Control and knockdown cells for CLP and FLAP were prepared
using the protocol described for MM6 cells, except for the pu-
romycin selection. After stimulation with ionophore A23187, the
major product formation was 5-HETE, and different levels of
LTB, and LTC, were observed for different donors (Fig. S6).
For the human macrophages, knockdown of CLP resulted in an
approximate 60% reduction in 5-HETE, a 55% reduction in
LTB,, and a 58% reduction in LTC,. Knockdown of FLAP
resulted in a 60% reduction in 5-HETE and 65% reductions in
LTB, and LTC, formation. The similar expression of 5LO in
knockdown cells and the degree of knockdown for CLP and
FLAP are shown in Fig. S6D. These results further confirm
a role for CLP in cellular 5LO activity.

Discussion

To compare the roles of soluble CLP and membrane-bound
FLAP in LT biosynthesis, we knocked down these proteins in the
human monocytic cell line MM6. SLO activity was determined in
cells stimulated by four different protocols. Our results indicate
that the presence of CLP in MMB6 cells increased 5LO activity
in all conditions (Figs. 1 and 2 and Table S1). Thus, CLP can
support 5LO activity in intact cells as well, complementing pre-
vious in vitro data (12, 17). CLP is not absolutely crucial, how-
ever; some 5LO activity remained in all incubations of CLP
knockdown cells. FLAP knockdown had only minor effects in
incubations including exogenous AA, but SLO product forma-
tion from endogenous substrate was greatly reduced. This find-
ing is in accordance with the ideas that FLAP has a role in
merged DAPI 5L0 merged

DAPI 5L0

Unstimulated cells Stimulated cells

Fig. 6. Immunocytochemistry of 5LO in unstimulated and stimulated MM6
cells. Control and FLAP/CLP knockdown cells were differentiated and sub-
jected to stimulation with PMA and ionophore A23187 (Materials and
Methods). Immunofluorescence images show single staining for 5LO (red;
Cy3), nucleus (blue; DAPI), and merged pictures. (Scale bar: 10 pm.) Similar
data were obtained in three additional independent analyses.
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Fig. 7. Association of CLP with the nucleus during MM6 cell stimulation is
reduced in 5LO and FLAP knockdown cells. Subcellular fractions from stim-
ulated MM6 cells were prepared as described in Fig. 5. Equal protein
amounts (60 pg) of nonnuclear and nuclear fractions were analyzed by CLP
Western blot analysis. Similar results were obtained in two additional in-
dependent experiments.

providing endogenous substrate to 5LO at the nuclear mem-
brane (6) and that exogenous AA can be converted by 5LO in
a FLAP-independent manner.

When cells are stimulated to produce LTs, SLO typically
translocates to the nuclear membrane. We confirmed this pat-
tern for MMG6 cells as well. In differentiated unstimulated MM6
cells, SLO was located in the cytosol, and this was not changed by
CLP or FLAP knockdown. Stimulation of control MM6 cells
with PMA plus ionophore induced association of SLO with the
nuclear membrane, which was greatly diminished in both CLP
and FLAP knockdown cells (Figs. 5 and 6). When FLAP
knockdown MM6 cells were incubated with ionophore plus AA,
the high rate of 5-HETE synthesis was almost unaffected, and
LTC, formation was also high (~60% of control). This finding
indicates that CLP, together with cellular membrane (peri-
nuclear or other locations), can serve as an alternative support
for SLO activity leading to LT formation in ionophore stimu-
lated MMB6 cells, particularly from exogenous AA. On the other
hand, when cells were stimulated by receptor-mediated signaling
(LPS plus fMLP), FLAP was crucial for the low 5LO activity
(3 pmol LTC, per 10° cells, <1% of the maximum capacity of
MMG6; Fig. 2C), indicating that during this mimic of physiological
conditions, all detectable SLO activity occurred at the nuclear
membrane. Furthermore, our finding that FLAP knockdown
reduced the yield of LTC, in LTA, incubations indicates that
FLAP may support the activity of LTC, synthase, in line with
these two proteins in the membrane-associated proteins in
eicosanoid and glutathione metabolism family forming a cellular
complex (5, 22).

A fraction of CLP associates with the nuclear fraction when
cells are stimulated (12, 17). This inducible appearance of CLP
in the nuclear fraction was practically absent in 5LO knockdown
cells (Fig. 7 and Fig. S5). It also was clearly reduced in FLAP
knockdown cells, seemingly in parallel with the compromised
translocation of SLO. Furthermore, in co-IP analyses, cellular
binding of CLP to 5LO (native proteins) was weak but detectable
in unstimulated cells, and increased considerably after ionophore
stimulation (Fig. 4 and Fig. S3). We previously reported that
binding of the purified proteins in vitro occurred in the absence
of Ca”*, and that epitope-tagged constructs (e.g., FLAG-5LO,
Myc-CLP) could be efficiently coimmunoprecipitated after over-
expression in HEK 293 cells (no ionophore stimulation) (15).
Those findings suggested a static association between CLP and
5LO, whereas the ionophore-inducible binding seen in the pres-
ent study indicates a different situation for the native proteins in
leukocytes with high capacity for LT biosynthesis. These obser-
vations suggest that CLP and 5LO migrate together when MM6
cells are stimulated, and that interference with the association of
5LO to the nuclear membrane (by FLAP knockdown) reduces the
translocation of CLP as well. At the same time, knockdown of
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CLP hampered translocation of 5LO to the nuclear membrane.
The foregoing findings, together with the effects on LTC,4 and 5-
HETE production, support an interplay of these proteins during
cellular translocation and activation of SLO.

The co-IP finding of increased binding of CLP to SLO in cells
stimulated with ionophore can be interpreted in different ways.
It may indicate that CLP follows SLO to the nuclear membrane
and remains bound to the active LT-producing complex. CLP
might contribute to the formation/stability of the active complex,
or simply may be a remnant from the translocation mechanism.
Not all 5LO associates with the nuclear fraction in stimulated
cells, however; possibly, the pool of SLO remaining in the cytosol
is the fraction that binds CLP to an increased extent after cell
stimulation. More intriguingly, it can be speculated that the in-
creased CLP-5LO binding observed in ionophore-stimulated cells
reflects the fraction of 5LO in transit, and that efficient transit
requires binding to CLP. This possibility would seem to be com-
patible with the increased ionophore-induced CLP-5LO binding
occurring in FLAP knockdown cells as well. At the same time,
FLAP knockdown reduced the nucleus association for both SLO
and CLP. Apparently, the “safe arrival” and permanent associa-
tion of the CLP-5LO complex to the perinuclear membrane is
reduced by FLAP knockdown. Interestingly, in stimulated RBL-
2H3 cells using a cell-permeable cross-linker, FLAP was found to
bind 5LO, as well as a 10-kDa protein referred to as AP-10 (5).

Comparison of the product patterns in the MM6 cell incuba-
tions with previous in vitro data may provide a clue as to the role
of CLP. When MMB6 cells were incubated with ionophore or with
PMA plus ionophore, the LTC,/5-HETE ratio was close to 1 for
both control and CLP knockdown cells (Table S1). Previously,
when purified recombinant 5SLO was incubated in vitro, the
formation of LTA, increased between threefold and fivefold
when CLP was present along with phosphatidylcholine and Ca*",
giving a LT/5-HETE ratio of 0.4 in one study (17) and 0.6 in
another study (12). When purified 5SLO was incubated with only
Ca”* and phosphatidylcholine (no CLP), the LT/5-HETE ratio
was considerably lower, close to 0.1 (12, 17). If CLP were an

Fig. 8. Putative scheme of LT biosynthesis in MM®6 cells, showing possible
functions of CLP and FLAP. Cell stimulation leading to increased intracellular
Ca** may induce binding between 5LO and CLP in the cytosol. The 5LO-CLP
complex translocates, and aided by FLAP, this complex associates with the
nucleus. At the nuclear membrane, AA released from phospholipids by the
action of cPLA; (also known to translocate to the nuclear membrane on cell
stimulation) is presented to 5LO with the help of FLAP, and LTA, is produced.
The association of FLAP with LTC,S also may also influence efficient con-
version of LTA, to LTC,.
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important scaffold factor for SLO activity (from endogenous
substrate) at the nuclear membrane, then CLP knockdown would
be expected to change the product pattern, particularly for MM6
cells stimulated with PMA plus ionophore, leading to prominent
5LO association with the nucleus; however, knockdown of CLP
did not change the relative amounts of LT to 5-HETE (Table S1).
Both LTC, and 5-HETE were reduced to almost the same extent.
Interestingly, FLAP knockdown did not affect the product pattern
either (Table S1). It appears possible that in MMG6 cells, these
proteins may provide backup for each other. We confirmed these
findings through knockdown of CLP and FLAP in primary human
macrophages derived from three donors. When incubated with
ionophore, both 5-HETE and LTs were significantly reduced com-
pared with control cells (Fig. S6).

Several findings of this study have mechanistic implications for
the generation of LTs. First, the presence of CLP leads to in-
creased 5LO activity in intact cells (MM6 and primary macro-
phages). Moreover, both CLP and FLAP have roles in the
translocation and association of SLO to the nuclear membrane.
Production of both LTC, and 5-HETE from endogenous sub-
strate was decreased, but LTC,/5-HETE ratios were maintained
in CLP and FLAP knockdown cells. For cells provided with ex-
ogenous AA and stimulated with ionophore, it appears that CLP
together with membrane can function as a scaffold for 5LO ac-
tivity, as observed in vitro. A scenario for the interactions of
SLO, CLP, FLAP, and membrane is suggested in Fig. 8. Our
results suggest that the CLP-5LO interaction can be a target for
reduced LT production in the cell.

Materials and Methods

Generation of Stable Knockdown Cells for CLP, FLAP, and 5L0. MM6 cells were
transfected with lentiviral constructs expressing shRNAs against CLP (NM_
021149.2-784s1c1), FLAP (NM_001629.2-401s1c1), and 5LO (NM_000698.1-
1039s1c1) obtained from Sigma-Aldrich. Human mononuclear cells were
isolated from buffy coats (Karolinska Hospital Blood Bank). Monocytes were
infected with lentivirus containing shRNAs. Virus-infected cells were cul-
tured with media containing 50 ng/mL macrophage colony-stimulating
factor for 7 d (without puromycin selection) and treated with 50 nM calci-
triol for the final 24 h of this differentiation period.
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Cell Incubation. The control (nontarget shRNA) and different knockdown MM6
cells were grown in cell culture and differentiated with 5 ng/mL TGF-p and
50 nM calcitriol for 96 h. Differentiated cells were incubated, and LT and 5-HETE
formation was determined by solid-phase extraction and reverse-phase HPLC.

Quantitative Real-Time PCR. Total RNA was extracted with the Bioline RNA
Mini Kit, and cDNA was synthesized using oligo(dT) primers.

Subcellular Fractionation by Detergent Lysis. MM6 cells were stimulated with
PMA followed by ionophore A23187, then suspended in Nonidet P-40 lysis
buffer. Nuclear/nonnuclear fractions were prepared and subjected to Western
blot analysis. Histone H4 and p-actin served as internal markers for nuclear and
nonnuclear fractions, respectively.

Immunoprecipitation. Differentiated MM6 control cells were stimulated with
ionophore A23187 or with PMA followed by ionophore. Samples were im-
mediately chilled on ice, and cell pellets were resuspended in lysis buffer. Cell
lysates were precleared by incubation with protein A-Sepharose. The pre-
cleared samples were incubated with either normal rabbit IgG or purified
anti-5LO antibody overnight at 4 °C. Protein A-Sepharose was added, and
incubation was continued for another 1 h. The immunocomplexes were
washed four times with lysis buffer and eluted by heating at 90 °C for 5 min
in Laemmli sample buffer. After centrifugation, the supernatants were an-
alyzed by immunoblotting with anti-5LO and anti-CLP antibodies.

Immunofluorescence Microscopy. The differentiated MM6 control, FLAP, and
CLP knockdown cells were stimulated with PMA followed by ionophore
A23187. Samples were immediately chilled on ice for 2 min and centrifuged
onto glass slides at 4 °C. The cells were then fixed with methanol at —20 °C
for 4 min, washed, blocked with 10% nonimmune goat serum, and in-
cubated with anti-5LO antibody overnight at 4 °C. The samples were
washed, and then incubated with Cy3 goat anti-rabbit 1gG (Invitrogen).
After coating with aqueous antifade gel mounting medium (Vector Labo-
ratories) with DAPI under coverslips, the fluorescent signal was observed
with an Olympus Fluoview FV1000 microscope system.
More details on methods are provided in S/ Materials and Methods.
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