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Cord factors are mycoloyl glycolipids in cell walls of bacteria belonging to Actinomycetales, such as
Mpycobacterium, Nocardia and Rhodococcus. They induce granuloma formation in the leng and
interstitial pneumonitis, associated with production of macrophage-derived cytokines. We studied how
cord factors induce biological activities in the cells. Cord factors isolated from M. fuberculosis,
trehalose 6-monemycolate (mMTMM) and trehalose 6,6'-dimycolate (mMTDM), enhanced protein
kinase C (PKC) activation in the presence of phosphatidylserine (PtdSer), diacylglycerol and Ca®*,
and mTMM activated PKCa more strongly than PKCS or 7 under the same assay conditions. Kinetic
studies of mMTMM in response to PKC activation revealed that mTMM increased the apparent affinity
of PKC to Ca®" in the presence of both PtdSer and diolein. Although this is similar to observations
with unsaturated fatty acids, such as arachidonic acid, n\TMM was synergistic with PtdSer for PKC
activation, but arachidonic acid was not. mTMM was also different as regards PKC activation, as
phorbol ester was. A single i.p. administration of mTMM to mouse induced tumor necrosis factor-c
(TNF-z) in serum and in the lung, which is a unique target tissue of cord factors. Based on our recent
finding that TNF-a is an endogenous tumor promoter, the correlation between lung cancer and

pulmonary tuberculosis is discussed.
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Epidemiological studies have revealed that lung cancer
frequently occurs among populations with a history of
pulmonary tuberculosis, at rates 5 to 10 times higher than
those in the normal population.” Causative factors to
support the correlation between lung cancer and pulmo-
nary tuberculosis have not yet been fully elucidated.
Mvycobacterium tuberculosis has unique components in
the cell wall, so-called cord factors, trehalose 6-mono-
mycolate (mTMM) and trchalose 6,6'-dimycolate
(mTDM), which arc glycolipids containing mycolic
acids® (Fig. 1). Mycolic acid is a 3-hydroxy fatty acid
with a Cy g5 long-chain alkyl branch at the 2-position.
Cord factors have various biological activities, such as
granuloma-forming, anti-tumor and immunoadjuvant ac-
tivities,>'? although their mechanisms of action are not
known. Arachidonic acid and other unsaturated fatty
acids stimulate protein kinase C (PKC) activation syn-
ergistically with diacylglycerol in the presence of phos-
phatidylserine (PtdSer).'? The evidence suggested to us
that cord factors might activate PKC in the cells and
then induce carcinogenesis through signal transduction
of tumor promotion in the lungs.

5 To whom correspondence should be addressed.
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Cord factors are structurally varied. Trehalose 6-
monomycolate (rTMM), trehalose 6,6"-dimycolate
(rTDM), mannose 6-monomycolate (rMMM) and glu-
cose 6-monomycolate (rGMM) with Cyy 46 mycolic acids
were isolated from Rhodococeus ruber,'™ in addition to
mTMM and mTDM isolated from M. tuberculosis. They
were subjected to assay of PKC activation to test their
structure-function relationships.

We previously reported that tumor necrosis factor-o
(I'NF-a), which is induced by activated macrophages,
stimulated transformation of BALB/3T3 cells initiated
with 3-methylcholanthrene (MCA), and induced clonal
expansion of Bhas 42 cells, which are BALB/3T3 cells
containing viral-H-ras gene.'” The results indicated that
TNF-¢ is an endogenous tumor promoter, that is, it
induces clonal growth of initiated cells. Administration
of cord factor isolated from M. tuberculosis induced high
levels of TNF-z in plasma of mice,'® and i.v. administra-
tion of cord factors induced granuloma formation in the
lungs of mice, associated with accumulation of macro-
phages.”® Thus, we think activation of PKC by cord
factors might be linked to release of TNF- in the lung.
Here we present evidence that a single i.p. administration
of mTMM to mice induced TNF-¢ release in serum and
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Fig. 1. Structures of trehalose 6-monomycolate (MTMM) and trehalose 6,6’-dimycolate (mTDM). These cord factors, isolated
from M. tuberculosis, are glycolipids containing mycolic acid. Mycolic acid is a 3-hydroxy fatty acid with a Caog long-chain

alkyl branch at the 2-position.

in the lungs, suggesting that TNF-a synthesis is induced
by activation of PKC in lung macrophages treated with
cord factors. We discuss the possibility that mTMM, a
new enhancer of PKC activation, promotes tumor devel-
opment in the lungs of patients with a history of pulmo-
nary tuberculosis through induction of TNF-g, an endog-
enous tumor promoter.

MATERIALS AND METHOCDS

Cord factors mTMM and mTDM with Cy s mycolic
acids were isolated from M. tuberculosis,® and rTMM,
rTDM, rGMM and rMMM with Cy mycolic acids
were isolated from R. ruber,'® as reported previously.
Chemicals Suppliers of chemicals used were as follows:
calf thymus HI histone from Boehringer Mannheim
GmbH; [7-’P]ATP from Amersham; phospholipids,
diolein and arachidonic acid from Serdary Research
Laboratories; 12 - O - tetradecanoylphorbol - 13 - acetate
{TPA) from Sigma; monoclonal anti-rabbit PKCea, 8
and 7 antibodies from Seikagaku Co.; ELISA kit from
Genzyme Co. Other chemicals were purchased from
commercial sources.

Animals Male BALB/c mice, 6 weeks old, were obtained
from Charles River Japan Inc., Kanagawa.

Isolation of PKC A cyiosolic fraction of mouse brain
was subjected to DEAE-cellulose column chromatogra-
phy, as reported previously,'® affording a PKC fraction.
The PKC mixture was further purified by hydroxyapatite
column chromatography, according to the method of
Sekiguchi et al.,'” to separate PKCa, 8 and 7 subspecies,
which were identified by Western blotting using rabbit
anti-PK.Ca, 8 and 7 antibodies.!” Each subspecies used
was almost pure.

PKC assay The enzyme activity was assayed routinely
with histone H1 as a phosphate acceptor. The reaction
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mixture (0.25 ml) contained 20 mM Tris-HCl (pH 7.5),
10 mM Mg (CH; COO),, 10 uM [7-*P]JATP (1.0 10°
cpm), 50 g of Hl histone, and other chemicals including
CaCl; (1 M), PtdSer (8 ug/ml), diolein (1.3 M), and
cord factors. Cord factors were dissolved in chloroform/
methanol (2/1), and arachidonic acid was dissolved in
hexane. These solutions were evaporated under nitrogen
and the residues were sonicated in a buffer solution for 5
min for 37°C under nitrogen. PtdSer and diolein were
first mixed, dried under nitrogen and then sonicated
in buffer solution for 5 min at 30°C, as reported previ-
ously.'” The reaction mixture was incubated for 3 min at
30°C immediately after addition of PKC. The amount of
PKC used for each assay was approximately 0.05 U
under the standard conditions. The acid-precipitable ma-
terials were collected on a BAS85 nitrocellulose membrane
filter (Schieicher & Schuell Inc.) and the radioactivity
was determined with a scintillation counter.

TNF-a release mTMM dissclved in mineral oil (10 ug/
(.1 ml) was sonicated, and then administered i.p. to mice.
Mice were killed at various days after the administration.
Their sera were stored at —80°C, and the lung tissues
were excised and immediately frozen under liquid nitro-
gen. TNF-¢ levels in sera were determined by use of an
ELISA kit, which contained a hamster monoclonal anti-
body specific for mouse TNF-¢ and a goat polyclonal
anti-mouse TNF-¢ antibody. Supernatants of the lung
tissue homogenized in a buffer containing 50 mM Tris-
HCl (pH 7.5), 0.1 M NaCl, 1% Triton X-100, 5 mM
EDTA, 0.029% NaN;, 0.1 mM PMSF, and 1 pM
leupeptin were obtained by centrifugation at 12,000 rpm
for 15 min. Aliquots (1 mg protein/0.1 ml) of the super-
natant fluid were used for determination of mouse
TNF-a with the ELISA kit.'¥ Protein concentration was
determined by the Bradford method using bovine serum
albumin as a standard.'®



RESULTS

Activation of PKC mixture by arachidonic acid, mTMM
and mTDM Since the effects of arachidonic acid on PKC
activation had previously been reported,'’ we first con-
firmed that arachidonic acid at various concentrations
with 1 £M Ca?' activated PKC mixture, in the presence
of PtdSer and diolein. The concentration of arachidonic
acid giving rise to the maximum effect was slightly
higher, in the range of 40-50 pM, than that reported
previously (Fig. 2A)."" Arachidonic acid with diolein,
even without PtdSer, significantly activated PKC mix-
ture in a manner similar to that seen with PidSer and
diolein. However, arachidonic acid alone did not activate
the enzyme mixture. mTMM dose-dependently activated
PK.C mixture in the presence of PtdSer. The activation
by mTMM was more strongly enhanced by addition of
diolein, and maximum activation was obtained with 40—
50 uM mTMM. mTMM alone showed a marginal stimu-
latory effect, which was not enhanced by diolein. A big
difference was found between the effects of arachidonic
acid and mTMM; namely, arachidonic acid showed a
synergistic action with diolein, whereas mTMM was
synergistic with PidSer, but not with diolein (Fig. 2B).
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Fig. 2. Activation of PKC mixture by arachidonic acid,

mTMM and mTDM. The enzyme activity was assayed as
described under “Materials and Methods.” Activation of PKC
mixture by (A) arachidonic acid, (B) mTMM and (C) mTDM
at various concentrations with 1 uM Ca®* in the absence of
PtdSer and diolein (<) or in the presence of diolein (C),
PtdSer (M}, or both (). The concentirations of PtdSer and
diolein were 8 zg/ml and 0.8 ug/ml, respectively.

Activation of Protein Kinase C by Cord Factor

Activation of PKC mixture by mTDM was slightly
different from that by mTMM (Fig. 2C). Although
mTDM activated the enzyme in the presence of PtdSer,
the enhancing activity of mTDM was slightly weaker
than that of mTMM. The results indicated that mTDM
showed synergistic action with PtdSer, as did mTMM.
However, in the presence of both PtdSer and diolein,
mTDM did not enhance PKC activation at all, and the
activation was entirely different from that of mTMM.
This suggests that mTMM and mTDM interact differ-
ently with the enzyme in the presence of both PtdSer and
diolein (Fig. 2C).

Activation of PKC subspecies by mTMM Next, PKC
activation by mTMM was defermined with each PKC
subspecies, o, 8 and 7, which were separated by hydroxy-
apatite column chromatography. Although the identifica-
tion of PKCyx, £ and 7 is not described here in detail, the
fraction of PKCy was eluted with 60 mM potassium
phosphate; that of PKCS, with 80 mM, and that of
PKCa, with 120 mM (data not shown). Fig. 3 shows that
mTMM activated each PKC subspecies, ¢, 8 and 7, in
the presence of PtdSer and diolein, or of PtdSer alone. In
particular, mTMM more strongly activated PKCa than
PKCA or 7 in the presence of both PtdSer and diolein.

Protein Kinase C Activity { cpmX 107}

1 1
50 100 O 50 100

mTMM { uM }

Fig. 3. Activation of PKC subspecies by mTMM. PKC sub-
species were assayed in the presence of 1 uM Ca’" at various
concentrations of mTMM as described under “Materials and
Methods” in the absence of PtdSer and diolein (X} or in the
presence of diolein (), PtdSer (W) or both ( @). The concen-
trations of PtdSer and diclein were 8 gg/ml and 0.8 pg/ml,
respectively. (A) The a subspecies, (B) the 3 subspecies and
(C) the 7 subspecies.
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Effects of diolein on PKC activation by mTMM Activa-
tion of PKC subspecies a, 8 and y was studied with
diolein at concentrations up to 4 M in the presence
of mTMM and PtdSer, or either separately (Fig. 4).
mTMM activated PKCa more strongly than PKCS or 7.
All the results suggest that mTMM enhanced the reac-
tion velocity in the presence of both PtdSer and diolein.
The results also showed that mTMM and diolein acted
differently on the enzyme.

Effect of Ca** concentration on PKCea activation by
mTMM Activation of PKCa was studied with various
concentrations of Ca*™ from 107 to 10° M in the pres-
ence of mTMM, diolein and TPA (Fig. 5). mTMM alone
or mTMM with PtdSer activated PKCa at unusually
high concentrations of Ca®*, around 0.1 to 1 mM, in the
absence of diolein. Diolein and PtdSer showed similar
PK.Cyx activation to either mTMM and PtdSer or TPA
and PtdSer, being Ca** concentration-dependent. This
confirms that diolein acts similarly to TPA, but not in
the same way as mTMM. Moreover, in the presence of
mTMM and PtdSer, diolein activated PKCy differently
than TPA did, depending on Ca®" concentration. It is
worth noting that the synergistic action of mTMM and
PtdSer with diolein or mTMM and PtdSer with TPA
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Fig. 4. Effects of diolein on PKC activation by mTMM.
PKC subspecies were assayed in the presence of 1 uM Ca®*
at various concentrations of diolein in the absence of mTMM
and PtdSer (X) or in the presence of mTMM (O), PtdSer
(W), or both (®) The concentrations of mTMM and
PtdSer were 50 uM and 8 gg/ml, respectively. (A) The «
subspecies, (B) the S8 subspecies and (C) the 7 subspecies.
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was predominant at lower Ca®* concentrations. Thus,
mTMM seems to activate PKCa in the presence of
PtdSer and diolein or PtdSer and TPA, independently of
Ca®>* concentration at the basal level. The activation
pattern of mTMM depending on Ca?" concentration is
similar to that of arachidonic acid, as reported previ-
ously.'?

Phospholipid specificity = The synergistic action of
mTMM and diolein on activation of PKC mixture was
observed specifically in the presence of PtdSer (Fig. 6).
Phosphatidylinositol, phosphatidylethanolamine, phos-
phatidylcholine and phosphatidylglycerol were practi-
cally inactive.

Activation of PKC mixture by various cord factors Two
cord factors with Cgss mycolic acids isolated from M.
tuberculosis, and four cord factors with Cys mycolic
acids isolated from R. ruber, were examined for the
ability to activate PKC mixture in the presence of
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Fig. 5. Effects of Ca’>* concentrations on PKC activation by
mTMM, diolein and TPA. (A) Activation of PKCa subspe-
cies by 50 #M mTMM with various concentrations of Ca?*
in the absence of PtdSer and diolein (M) or in the presence
of PtdSer (O), or PtdSer and diolein (#). (B) Activation of
PK.Ca subspecies by 0.8 zg/ml diolein with various concentra-
tions of Ca** in the absence of PtdSer and mTMM (M) or
in the presence of PtdSer (O), or PtdSer and mTMM (@),
(C) Activation of PKCa subspecies by 30 nM TPA with
various concentrations of Ca®* in the absence of PtdSer and
mTMM (M) or in the presence of PtdSer (O), or PtdSer
and mTMM (@). PKC activity in the absence of mTMM,
diolein, TPA and PtdSer is shown (X). EGTA (5 mM) in-
stead of CaCl, was added to the reaction mixtures indicated
by arrows.
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Fig. 6. Activation of PKC mixiure by various phospholipids
in the presence of 1 uM Ca®". PKC activity was measured in
the presence of phospholipid alone (gray bars), phospholipid
plus mTMM (cross-hatched bars), or phospholipid and
mTMM plus diolein (white bars). The concentrations of
phospholipid, mTMM and diolein were § pg/ml, 20 pM and
0.8 ng/ml, respectively.

Table I,
Factors

Activation of PKC Mixture by Various Cord

Enhancement of PKC activation

Cord factor™

cpm (fold)
None 2,200
M. tuberculosis ‘
mTMM 14,800 (6.7)
mTDM 9,300 (4.2)
R. ruber
MM 5,600 (2.5)
rTDM 3,400 (1.5)
rMMM 3,000 (1.4)
rGMM 2,500 (1.1)

a) Each cord factor (50 gM) was added to the standard
assay mixture in the presence of PtdSer.

PtdSer. mTMM was able to enhance PKC activation
more strongly than mTDM and cord factors of R. ruber;
the latter were not significantly active (Table I).

TNF-o release by mTMM Cord factors are thought to
induce biological effects on tissues through PKC activa-
tion, and one type of target cell is assumed io be macro-
phages.' Mouse TNF-¢ release was found in serum 3
days after i.p. administration and the maximum level, a
concentration of 180 pg TNF-x/ml, was reached around
4 and 5 days after treatment (Fig. 7). No TNF-a release
was observed by treatment with mineral oil alone as a
control. Macrophages are thought to be activated by
mTMM. Next, TNF-a was found in supernatants of lung
homogenates 4 days after treatment. TNF-a levels con-

Activation of Protein Kinase C by Cord Factor
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Fig. 7. TNF-« release in mouse serum and that in the lung
of mouse following i.p. administration of mTMM. mTMM
was ip. administered to mice, and their sera were aspirated
and the lung tissues excised at various days after the adminis-
tration. Induction of TNF-a release in mouse serum (A) and
that in the lung of mouse (B) was measured by use of an
ELISA kit, as described under “Materials and Methods.”
TNF-¢ release by 10 g mTMM i.p. administration (@), or
by i.p. administration of 0.1 ml of mineral oil alone (O).

tinuously increased up to 7 days, suggesting that mTMM
induced migration of macrophages into the lungs, and
macrophages containing high levels of TNF-« accumu-
lated in the lungs. The evidence indicates thai mTMM
and probably other cord factors are able to induce
TNF-z, an endogenous tumor promoter in the lungs.

DISCUSSION

TPA, teleocidin and aplysiatoxin, which are potent
activators of PKC, are important tools in studies of
signal transduction.'”? However, it is not vet known
whether these compounds are directly involved in devel-
opment of human cancers. Although diacylglycerol has a
similar function to TPA, about 1000 times larger amount
of diacylglycerol than TPA. is required for in vitro PKC
activation.?? How does diacylglycerol physiologically
function in the cell? Shinomura et al. reported the syn-
ergistic action of arachidonic acid with diacylglycerol
for each PKC subspecies.!” The ratio of arachidonic
acid and diacylglycerol was 50 uM to 1.2 uM in in vitro
PKC activation. Since arachidonic acid is produced by
phospholipase A, during the inflammatory process,'” the
synergistic action of arachidonic acid with diacylglycerol
for PKC activation could be associated with the process
of tumor promotion.

We demonstrated that cord factors enhanced PKC
activation and in particular, PKCa activation in the
presence of PtdSer and diacylglycerol, and that mTMM
mimics the action of arachidonic acid. Like arachidonic
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acid, mTMM together with diacylglycerol and PtdSer
increased the apparent affinity of PKC for Ca’" and
finally activaied the enzyme at basal Ca’" concentra-
tions. However, there are some differences between the
effects of mTMM and arachidonic acid; namely, mTMM
was synergistic with PtdSer, whereas arachidonic acid
was synergistic with diacylglycerol, Thus, mTMM and
arachidonic acid interact differently with the enzyme.
This conclusion was also supported by evidence that
mTMM specifically activates PKCa in the presence of
PtdSer and diacylglycerol, rather than PKCA and 7,
whereas arachidonic acid activates the three PKC sub-
species to the same extent.'” In addition, the mode of
activation by mTMM is distinct from that by TPA, and
lipid A, an endotoxic lipopolysaccharide, which acts
similarly to PidSer.??

We have tested six cord factors in order to look at the
structure-function relationship. mTMM with mono-
mycolic acid showed stronger PKC activation than
mTDM with two mycolic acids. Four cord factors iso-
lated from R, ruber, which is a non-pathogenic bacte-
rium,”™ did not show strong activation compared with
those isolated from M. tuberculosis. Cord factors from
M. tuberculosis have longer chain lengths than those from
R. ruber, suggesting that the chain length of cord factors
is related to pathogenicity, and there may be an optimum
length for interaction between cord factor and PKC.
Mannose mycolate, fructose mycolate and arabinose
mycolate (all with shorter Css4s chain lengths) isolated
from Nocardia rubra, were reported to be inactive.'®

In this experiment, PKCq isolated from mouse brain
was predominantly activated. Kosaka et al. reported that
the brain of rat has PKCq similar to that of the lung.”®
The lung is a unique target tissue of cord factors, based
on the development of interstitial pneumonitis and gran-
uloma formation associated with infiltration of macro-
phages and lymphocytes.'® Thus, macrophages are as-
sumed to be essential for production of pulmonary le-
sions induced by cord factors, indicating that the induc-
tion of macrophage-derived cytokines and factors, such
as TNF-w, IL-1, GM-CSF and ICAM-1 could be related to
the production of pulmonary lesions.?” It is possible that
PKCa activation by mTMM develops pulmonary lesions
in humans through the induction of these cytokines.
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The relationship between TNF-2 and tumor promoter
should be briefly discussed. We recently demonstrated
that human TNF-¢ stimulated transformation of BALB/
3T3 cells initiated with MCCA, and induced clonal growth
of Bhas 42 cells, BALB/3T3 cells containing viral H-ras
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The correlation between lung cancer and history of
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were found to induce endogenous tumor promoter in the
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