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THE ex posure  of th e m acrophage  ce ll line , J774 to
m as t ce ll granules  (MCG) led to th e form ation  of
altered nuclear tran scrip tion factor prote ins  (NF-
k Bx ), wh ich had faste r electrophore tic  m obility  th an
the  p50 hom odim er of NF-k B, but re tained com para-
ble  DNA binding capacity. Antibodies  to  N-te rm inal
peptide s  of p50, p52, p65 or c-Re l supersh ifted on ly a
fr action of NF-k Bx . Wes te rn blot analyses  r evealed
that nuclear p65 and c-Rel w ere progress ively
degraded afte r ex posure  to MCG, whereas  nuclear p50
appeared to be  unaffe cted. In  con trast, cytoplasm ic
p50, p65, c-Rel as  w ell as  IkB a rem ain ed in tact afte r
MCG treatm ent, although  p52 was clearly degraded.
In  com parison  to J774 cells , in cubation  of m ouse
peritoneal m acrophage s  w ith MCG re sulted in  m ore
ex tensive  alte rations to NF-k B protein s . Th e altera-
tions in  NF-k B protein s  did not affect th e ex pre ss ion
of in ducible  n itric ox ide s yn thase (iNOS) or TNF-a
m RNA in  J774 cells . These data in dicate that ex posure
of J774 cells  to MCG leads to  generation  of altered
nuclear  p52, p65 and c-Rel, w hich re tain  intact
N-term in al peptide s , specific  oligonucleotide binding
and transactivating activity. On  the other hand, in
peritoneal m acrophages , MCG in duce  m ore ex ten sive
m odifications to NF-k B prote ins  w ith associated
in hibition  of iNOS or TNF-a m RNA ex press ion.
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Introduction

Macrophages play a key role in mic robic idal and
tumoricidal ac tivity as sociated w ith the production of
a varie ty of cytokines and inflammatory mediators.1,2

Mast ce lls induce hypersensitivity reactions by sec re t-
ing mediators such as  his tamine, proteoglycans,
various cytokines, metabolite s of arachidonate and
unique  proteases .3 – 6 The cytoplasmic  granule s of
mast ce lls are  membrane -bound organe lle s, w hich
contain biogenic amine s, proteoglycans, prote ases
and superox ide dismutase.3 – 8 The interaction
betw een mast c ells and macrophage s, and the uptake
of mast c ell granule s (MCG2 ) by macrophage s both in
v ivo 9 and in  vitro 8,1 0 is w ell documented. Studies in
mast ce ll de fic ient animals  have indicated the impor-
tant role of mast cells in modulating inflammatory
response.1 1 In  v itro studies demonstrated that phago-
cytosis of MCG by macrophage s re sulted in suppre s-
sion of macrophage func tions such as  Fc g 2a receptor-
mediated phagocytosis,1 0 PMA-triggered superox ide
generation,1 2 LPS-induced nitric  ox ide  production
and tumoric idal ac tivity,1 3 and LPS-induced transcrip-
tion of mRNA for nitric ox ide synthase  (iNOS) and

TNF-a .1 4 The transcription fac tor NF-k B has be en
show n to be  involved in LPS-induced ac tivation of the
iNOS gene  in mouse macrophages.1 5 Although the
mechanisms of MCG regulation of mac rophage func-
tion are  unknow n, it is possible  that phagocytosed
MCG alter the  structure and function of NF-k B. We
therefore  inve stigated the effect of MCG on NF-k B
prote ins and the  ex press ion of iNOS and TNF-a mRNA
in the  mouse  macrophage  cell line  J774, w ith and
w ithout LPS stimulation . The  data presented in this
paper indicate  that ex posure  to MCG re sults in
transient degradation of multiple  transcription fac tors
including nuclear NF-k B proteins in J774 cells. The
degraded NF-k B proteins re tain DNA binding domains
and nuclear localizing signal peptides resulting in
translocation to nuclei. Although the modified NF-k B
prote ins translocated to the nuclei are of lower
molecular w eight (de signated as NF-k Bx ) they did not
lose the ability to promote transc ription of iNOS and
TNF-a mRNA in J774 ce lls . In mouse pe ritoneal
macrophage s, on the other hand, MCG ex posure
resulted in more  ex tensive modulation in NF-k B
prote ins, and resulted in the inhibition of iNOS and
TNF-a mRNA ex press ion.
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Materials and Methods
Cells

The mouse macrophage-like  cell line, J774, w as
derived from a tumor of a female  BALB/c  mouse and
posse sse s charac teristics typic al of mac rophages.1 6

Proteose peptone -elicited mac rophages we re  har-
vested from tw o to three  month old male C57Bl/6
mice as  de scribed.1 3 The culture media and other
reagents used in the  cell culture w ere  ascertained to
contain <0.025 ng of LPS/ml by the  Limulus amebo-
cyte lysate assay, and the ce lls w ere  maintained in
culture as de scribed.1 7– 20

Mast cell granule preparation

Briefly, mast ce lls  w ere  obtained by lavage of the
peritoneal cavity of male  Sprague  Daw ley rats w ith
minimum essential medium containing 15 mM HEPES,
penicillin (100 U/ml), streptomycin (100 m g/ml), 10%
fetal bovine se rum and 50 m g/ml heparin (HMEM) as
desc ribe d.1 2,13 Cells w ere  pooled, centrifuged for
15 min at 400 3 g at 25°C, w ashed tw ic e and resus-
pended in HMEM. The ce ll suspensions (5 to 10 3 107/
2 ml) w ere  laye re d ove r 4 ml cushions of 22.5%
metrizamide  (dens ity of 1.125 g/ml) in HMEM and
centrifuged at 200 3 g for 15 min. Mast ce lls  in the
pellet w ere  collec ted, w ashed tw ic e and re suspended
in HMEM. Mast cells isolated in this manner ex ceeded
90% in purity and viability. To pre pare  MCG, the  ce ll
suspension (in 2 ml of HMEM) w as sonicated for 15 s,
cooled for 30 s on ice  and re -sonicated for 15 s at a
pow er setting of 2.5 w ith a microtip sonicator to
re lease  granules.1 2,13 The disrupted cells w ere  incu-
bated for 15 min at 30°C, vortex ed for 1 min, layere d
over 2 ml of 0.34 M sucrose and centrifuged at 50 3 g
for 10 min at 4°C to remove debris. The resulting
supe rnatant w as  centrifuged at 1800 3 g for 20 min at
4°C. The pellet consisting of a highly purified,
homogene ous pre paration of granules was w ashed and
resuspended in HMEM. The quantity of MCG used in
each ex pe riment w as ex pressed as  the equivalent of
the starting mast c ell number.

Assay for protease activity in MCG

Chymotrypsin-like (chymase) ac tivity w as  as sayed by
monitoring the  hydrolysis  of N-succinyl-
L-phenylalanine-p -nitroaniline  at 405 nm2 1 in a reac-
tion mix ture (1 ml) containin g 100 mM Tris-HCl (pH
7.6), 100 m M substrate and MCG sonicate equivalent
of 2 to 4 3 105 mast ce lls. The specificity of the
enzymatic ac tivity w as confirmed by the ability of
TPCK to inhibit the re ac tion. Trypsin-like (tryptase)
activity w as as sayed by measuring the hydrolysis of
benzoyl-L-arginine -p-nitroaniline at 410 nm2 2 in a reac-
tion mix ture (1 ml) consisting of 50 m M Tris-HCl (pH
8.2), 0.02 m M CaCl2 , 100 m M substrate and MCG

sonicate  equivalent to 2 to 4 3 105 mast cells.
Commercially available trypsin (Sigma, St Louis, MO)
se rved as control. Carbox ypeptidase  A ac tivity w as
assayed by monitoring the  hydrolysis  of hippuryl-
L-phenylalanine at 254 nm2 3 in a re ac tion mix ture
(1 ml) containin g 50 mM Tris-HCl (pH 7.5), 1 mM
substrate  and MCG sonicate equivalent to 2 to 4 3 105

mast ce lls . In all cases , one  unit of enzyme  activity
w as defined as  the enzyme re quired for hydrolyzing 1
m mole  of substrate pe r min at 25°C.

Antisera

Antise ra directed against various NF-k B and Ik Ba
prote ins w ere  raised in rabbits by immunizing against
synthetic peptide s coupled to keyhole limpet hemo-
cyanin (generous gift from Dr Nancy Rice of NCI-
Frede rick Cance r Research and Development Center).
The peptide sequences are as follow s:
ADDDPYGTGQMFHLC (#1263, N-te rminus of mouse
p50); CADMDFSALLSQISS (#1226, C-terminus of
mouse p65); CEQLSDPFTYGFFKI (#1266, C-terminus
of mouse  c -Rel); FQPAGHGQDWAMEGRC (#751,
N-te rminus of mouse  Ik Ba ); and DEL-
PYDDCVFGGQRLTL (#1258, C-te rminus of mouse
Ik Ba ).2 4 These peptide s we re  coupled to hemocyanin
either through the free amino group at the  peptide
N-te rminus or through an added cyste ine at the N or
C terminus. Each antiserum is capable  of immunopre-
cipitation of the spec ific protein and doe s not c ross-
react w ith other family members. Additional antisera
dire cted against N-terminus of p52 and p65 w ere
purchased from Santa Cruz (Santa Cruz, CA).

Western blot analysis

The prote ins separated by a standard SDS-PAGE w ere
electrophoretically transferred to nitrocellulose  mem-
brane  (0.2 m m pore , Schle icher and Schue ll, Keene ,
NH) using a Trans-Blot SD Semi-Dry Electrophoretic
Transfer Ce ll (Bio-Rad, Hercule s, CA) in 36 min at
5.5 mA/cm2 . The membrane  w as then immersed for
10 min at 25°C in TBST (20 mM Tris-HCl, pH 7.6,
137 mM NaCl, 0.1% Tw een 20) containing 22% non-fat
dry milk, w ashed 3 times w ith TBST, and incubated for
1 h at 25°C w ith rabbit antisera dire cte d against
various NF-k B prote ins in the absenc e or pre sence  of
corresponding antigen peptides. The  membrane s
w ere  then w ashed 3 times w ith TBST and incubated
for 30 min at 25°C w ith perox idase-tagged goat
antibody against rabbit IgG (Sigma). The  membrane
w as w ashed 5 times w ith TBST and deve loped by ECL
system (Amersham, Arlington Heights, IL).

Nuclear protein extraction

Nuclear prote in ex trac ts  w ere  pre pared by the
method of Dignam e t a l.,2 5 as  described.17 – 2 0 Brie fly,
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ce lls  (2.5 3 106 ) w ere  w ashed and lysed w ith a
Dounce  homogenize r at 4°C in 0.5 ml of buffer I
(10 mM HEPES-KOH, 10 mM KCl, and 1.5 mM MgCl2 ,
pH 7.9) containin g 0.5% Nonide t P-40. All subsequent
procedures w e re  carried out at 4°C. The  lysate w as
centrifuged for 5 min at 1000g . The  pellet obtained
w as w ashed tw ic e w ith buffe r I containing 0.5%
Nonodiet P-40, and centrifuged at 10,000 3 g for 5 min
to collec t the nuclear pe lle t. Nuclear prote ins w ere
ex tracted from the pellet for 10 min w ith 40 m l of
buffer II (20 mM HEPES, 420 mM NaCl, 1.5 mM MgCl2 ,
0.2 mM EDTA, and 25% glycerol, pH 7.9). After
vigorous mix ing, the nuclear suspens ion w as  cen-
trifuged (10,000 3 g for 5 min) and the  resultant
supe rnatant w as diluted w ith 60 m l of dilution buffer
(20 mM HEPES, 50 mM KCl, 0.2 mM EDTA, and 20%
glyce rol, pH 7.9). The follow ing reagents we re  added
to all buffers  just be fore  use: 0.5 mM dithiothreitol,
0.5 mM phenylmethylsulfonyl fluoride , 1 m g/ml pep-
statin A, and 10 m g/ml each of aprotinin, leupeptin (all
from Sigma) and soybean trypsin inhibitor
(Boehringe r-Mannheim, Indianapolis, IN).

Electrophoretic mobility shift assay (EMSA)

The NF-k B-specific oligonucleotide, containin g tw o
tandemly arranged NF-k B sites  (underlined) of the
HIV-1 enhancer (5 9 -ATCAGGGACTTTCCGCTGGG-
GACTTTCCG-3 9 ),17 the ISRE-spec ific oligonucleotide
(5 9 -ACTGTCAATATTTCACTTTCATAATGGAAA-3 9 ),26

an oligonucleotide containing a H2TF1 binding s ite  of
H2Kb promoter (5 9 -GCCCTAGGGCTGGGGATTCCCC-
ATCTCCACA-3 9 ), an unre lated oligonucleotide lacking
a k B site  (5 9 -AGGATGGGAGTGTGATATATATCCTT-
GAT-3 9 )17 and their re spective complimentary oligo-
nucleotide s we re  synthesized in the  Biote chnology
Support Facility of the  Univers ity of Kansas  Medical
Cente r.17 ,1 8 The  oligonucleotides specific  for AP-1, SP-
1, OCT-1 and CREB and their re spective  complimen-
tary strands w ere  purchased from Promega (Madison,
WI). Each oligonucleotide  and its complimentary
strand w ere  annealed and then end-labelled using
g -[32P]ATP (6000 Ci/mmol; New  England Nuc lear,
Boston, MA) and T4–polynucleotide kinase (Amer-
sham), as desc ribed.17 – 20 Nuclear protein ex trac ts
(1 m g) w ith 3 m g poly (dI–dC).poly (dI–dC) (Pharma-
cia) and ~2 ng (100,000– 400,000 cpm) of end-
labelled DNA (w hich w as  added last) w e re  mix ed in
30 m l of EMSA buffe r and incubated for 30 min at 25°C
after mix ing. The EMSA buffe r for NF-k B consis ted of
10 mM Tris-HCl buffer, pH 7.5, containin g 40 mM
NaCl, 1 mM EDTA, 1 mM b -merc aptoe thanol, 4%
glyce rol, 0.1% NP-40 and 1 m g/ m l bovine  serum
albumin. Follow ing this initial binding re ac tion, 20 m l
of the mix ture were  e lec trophore sed at 15 V/cm for
1–1.5 h at 25°C through a native 6% polyacrylamide
gel, w hich w as pre pared in 45 mM Tris-borate  buffer

containing 1 mM EDTA. Ge ls w ere  then proce ssed for
autoradiography.

UV crosslinking

Briefly, bromodeox yuridine  substituted HIV NF-k B
oligonucleotide w as made  by the primer ex tension
method18 using HIV-enhance r template  and the
primer, 5 9 -ATCAGGGAC-3 9 , Klenow  fragment of DNA
polymerase I (25 units, Gibco BRL) and [ a -3 2P]-dCTP
(6000 Ci/mmol, Amersham). Nuclear ex tract (10 m g)
incubated w ith 1 3 106 cpm of the  probe  w as  sub-
jected to EMSA. The w et EMSA gel w as UV-irradiated
at a distance  of 5 cm w ith a trans-illuminator (312 nm,
8000 m W/cm2 ) for 30 min at 0°C and autoradio-
graphed at 4°C. The bands corresponding to NF-k B
prote ins we re  cut out, crushed and equilibrated for
16 h at 4°C in 100 mM Tris-HCl, pH 6.8, 50 mM DTT
and 2% SDS. The sample s w ere  then mic rofuged and
the resultant supe rnatants w ere  subjected to e lectro-
phoresis on a SDS-10% polyacrylamide gel.

Northern blot analyses of nitric oxide synthase
and TNF-a mRNA expression

J774 ce lls  (1 3 107 ) we re  incubated w ith or w ithout
MCG for 3 h and w ere  activated w ith LPS (100 ng/ml)
for 6 h. Total c ellular RNA w as ex tracted using the
guanidinium thiocyanate procedure .27 RNA (10 m g)
w as e lectrophore sed in a 1% agarose ge l containing
2.2 M formaldehyde  and transferred to a Nytran nylon
membrane  w hich had be en pre hybridized w ith
salmon spe rm DNA. The membranes w ere  then
incubated for 20 h at 42°C w ith 32P-labelled cDNA
probes specific for iNOS or TNF-a labe lled by the
random hex amer priming method using [ a -32P]dCTP.
The membrane s we re  then w ashed tw ic e at 25°C in
0.1% SDS and 2x SSPE for 30 min and tw ice  at 42°C in
0.1% SDS and 0.1x SSPE. The  membrane  w as autor-
adiographed at –80°C w ith intensifying sc reens . After
stripping, the same membranes w ere  rehybridized
w ith b -actin 3 2P-labelled cDNA probe  to control for
RNA loading.

Results

Effect of MCG on constitutive and
LPS-activated NF- k B in J774 cells

The re sults pre sented in Fig. 1 show  that the  ex posure
of J774 ce lls  to LPS substantially inc reased the nuclear
leve ls  of NF-k B1 (p50 homodimer) and B2 (p50/p65
he te rodimer) and induced a third compone nt, NF-k B3
(p65/c -Rel hete rodimer) (lane  5 vs 1). The  ex posure
of J774 cells to MCG for a total of 1.5 h at the  J774 ce ll
to mast ce ll ratio of 500 to 1 (lane  2) or 50 to 1 (lane
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3) did not affect the constitutive ly ex pressed leve ls  of
NF-k B1 and B2. The  cells ex posed at a J774 cell and
mast cell ratio of 5 to 1 (lane 4) had decre ased B1 and
B2 leve ls and contained a low  leve l of a new  specie s
of nuclear prote ins (designated as NF-k Bx ) w hich
bound to NF-k B oligonucleotide  and had faster
ele ctrophoretic mobility than NF-k B1. The  ex posure
of MCG-pretreated cells to LPS also caused substantial
activation of NF-k B prote ins (lanes 6–8). The  intensity
of NF-k Bx  gradually increased as  the concentration of
MCG w as increased (lanes 6–8), w hereas the bands
corresponding to NF-k B2 and B3 dec reased or dis-
appeared. The  binding of LPS-induced NF-k B prote ins
(including NF-k Bx ) present in both MCG-treated and
untreated cells to NF-k B probe  w as  spec ific , as the
presenc e of the  100–fold ex cess of competitor H2Kb

(lane  9 and 11), but not unrelated oligonucleotides
(lane  10 and 12), complete ly blocked the binding.
Based on the se results, the ratio of J774 cells to mast
ce ll equivalents  of 5 to 1 w as  routine ly used.

Detection of the degradation of NF- k B proteins
by supershift analysis

Furthe r charac terization of NF-k Bx  prote ins activated
in MCG-pretre ated J774 ce lls w as  carried out by
supe rshift analysis  using antibodies spec ific  for the
N-te rminal peptide  of p50, p52, p65 or c-Rel. These
antibodie s supershifted various NF-k B prote ins from
LPS-treated J774 ce lls  (Fig. 2 top) as  ex pec ted from
previous studies .18 The  pre incubation of nuclear
ex tract from MCG and LPS-treated ce lls w ith the same
antibodie s re sulted in the c re ation of the supershifted
bands indicated by arrow s (Fig. 2 bottom). How ever,

FIG. 1. Effect of MCG exposure on NF- k B proteins in J774 cells. J774 cells were incubated for 1h at 37°C without MCG (lanes
1, 5, 9 and 10) or with MCG (lanes 2 to 4, 6 to 8, 11 and 12) at J774 cells to mast cell ratios of 500 to 1 (lanes 2 and 6), 50 to
1 (lanes 3 and 7) or 5 to 1 (lanes 4, 8, 11 and 12). They were further incubated for 30min at 37°C without (lanes 1 to 4) or with
LPS (10ng/ml) (lanes 5 to 12). The nuclear proteins extracted from the cells were incubated with [32P]-labeled HIV NF- k B motif-
containing oligonucleotide in the absence (lanes 1 to 8) or presence of 100-fold excess of either competitor H2Kb (lanes 9 and
11) or unrelated (lanes 10 and 12) oligonucleotide, and were subjected to EMSA. The autoradiograph shown is the
representative of three separate experiments, which gave very similar results.

FIG. 2. Supershift analysis of NF- k Bx proteins generated
following phagocytosis of MCG. J774 cells were incubated
for 3h at 37°C without MCG (top) or with MCG (bottom) at a
macrophage to mast cell ratio of 5 to 1. They were then
exposed to LPS (10ng/ml) for 30min at 37°C. The nuclear
proteins extracted from the cells at the end of incubation
period were incubated at 25°C for 30min with antibodies
against the N-terminals of p50, p52, p65 or c-Rel or with
control non-immune rabbit serum, and then subjected to
EMSA as in Fig. 1. Autoradiographs were prepared by
exposing to X-ray films for 14.5h. Arrows indicate the
supershifted bands. Similar experiments carried out using
antibodies against the C-terminal peptides of p65 or c-Rel did
not show any supershifted band (Data not shown).
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the majority of NF-k Bx  prote ins w ere  not supe rshifted
w ith any antibodies.

The  approx imate  s ize of NF-k Bx  prote ins present
in the nuclear ex trac ts of the MCG-ex posed cells
w as then estimated by UV-cross linking method. The

autoradiograph of the gel (Fig. 3) re vealed that UV-
cross linked NF-k Bx  prote ins migrated during SDS-
PAGE primarily as tw o bands of p45–50 and p55–65
(lane  Bx , indicated by arrow s). UV-crosslinked-NF-
k B1 (lane B1), k B2 (lane  B2) and k B3 (lane B3)
prote ins consiste d, as  pre viously reported,1 8 of p55,
p55 plus tw o closely moving p75 and p80, and
p75–p80 prote ins, re spec tively. Various amounts of
high molecular we ight prote ins se en in NF-k B2 and
k B3 prote ins probably represent aggre gated forms
w hich are deleted by ex posure  to MCG.

MCG degradation of other transcription factors

A possibility that the  ex posure  of J774 cells to MCG
also affec ts transc ription factors  other than NF-k B was
ex amined. Nuclear ex tracts  from the ce lls w ere
analyzed by EMSA for NF-k B, AP-1, CREB, OCT-1, SP-1
and ISRE using radiolabelled oligonucleotide specific
for each transc ription fac tor. Results (Fig. 4) show ed
that the  constitutive  leve ls of transcription fac tors
othe r than NF-k B w ere  not markedly affec ted by the
ex posure of the ce lls  to LPS and that the ex posure  of
the ce lls to MCG re sulted in disappearance (AP-1) or
substantial changes in e lec trophoretic  mobilitie s
(CREB and SP-1) of these nuc lear associated transcrip-
tion fac tors. In contrast, the  leve ls  of OCT-1 and ISRE
present in the  nuclear ex trac t remained unaffe cted by
the treatment of c ells w ith either LPS and/or MCG.

Kinetics of the effect of MCG on NF- k B
degradation in J774 cells

The question of w hethe r MCG-triggere d degradation
of NF-k B prote ins is  transie nt was nex t investigated.
To this end, five  matched groups of J774 cells w ere
cultured for 24 h before  ex posure to LPS. During this
pre-incubation period, J774 cells  w ere  ex posed to
MCG for 24, 6, 3 or 0 h. One half of e ach group of

Effe c t o f m a s t ce ll g ra nu le s  o n  NF-k B in m acro phage s

Mediators of Inflammation · Vol 7 · 1998 401

FIG. 3. UV-crosslinked NF- k B proteins of J774 cells. J774 cells
were incubated for 3h at 37°C without or with purified MCG
at the ratio of J774 cell to mast cell equivalent of 5 to 1. They
were then exposed to LPS (10ng/ml) for 30min at 37°C. The
nuclear proteins extracted from the cells were subjected to
UV crosslinking using 32P-labelled bromodeoxyuridine sub-
stituted HIV NF- k B oligonucleotide as described in the
Materials and Methods section. UV-crosslinked NF- k B1, B2,
B3 and Bx eluted from the EMSA gel were analyzed by SDS-
PAGE. The arrows indicating 60 and 50.7 are UV-crosslinked
NF- k Bx proteins. A similar result was obtained by an
additional experiment.

FIG. 4. Effect of MCG phagocytosis on the DNA-binding activities of various transcription factors. J774 cells were incubated for
3h at 37°C without (lanes 1 and 2) or with (lanes 3 and 4) MCG at J774 cell to mast cell ratio of 5 to 1. They were then incubated
for an additional 30min at 37°C with (lanes 2 and 4) or without (lanes 1 and 3) LPS (10ng/ml). Nuclear extracts prepared at the
end of the incubation period were then subjected to EMSA using 32P-labelled oligonucleotides specific for NF- k B, AP-1, CREB,
Oct-1, SP-1 or ISRE. An additional experiment gave a similar results to that shown.



MCG-treated cells w as then ex posed for 30 min to LPS
(10 ng/ml), w here as  the othe r half w as  not ex posed
to LPS. Thus, all groups of the  cells w e re  cultured for
a total of 24.5 h w ith variable  time of ex posure to
MCG. Nuclear prote ins w ere  ex trac ted from each
group of ce lls  and were  then subjec ted to EMSA using
radiolabe lled NF-k B oligonucleotide  as ligand. Nuclear
prote ins as we ll as  cytosolic prote ins w ere  separately
subjected to w estern analysis using antise ra spec ific
for the N- or C-te rminus of p50, p52, p65, c -Rel and
Ik Ba .

Results of the EMSA (Fig. 5) showed that NF-k B
prote ins constitutively ex pressed in the  nuclei (lane
1) were  substantially inc re ased upon LPS stimulation
as three discernible bands, NF-k B1, k B2 and k B3,
respective ly (lane 6), as noted above. Treatment of the
ce lls  for 30 min w ith MCG alone  (lane 5) caused a
disappearance of NF-k B3 and an increase  in the
intensity of the  bands corresponding to NF-k B1 and
k Bx . Tre atment of the se cells w ith LPS substantially
inc re ased the leve ls of NF-k B2, k B1 and k Bx  (lane  10).
The nuclear proteins obtained from the cells w hich
w ere  incubated for 6.5 or 3.5 h w ith MCG alone  (lanes
3, 4) contained low  leve ls of NF-k B2 and k B1 and a
substantial leve l of NF-k Bx , but no NF-k B3. Treatment
of the se  ce lls  w ith LPS resulted in the  marked inc rease
of the leve ls of these NF-k B proteins othe r than NF-
k B3 (lanes 8, 9). The  ce lls  incubated for 24.5 h w ith
MCG alone  (lane 2) contained NF-k B1 and k B2, but
ne ithe r NF-k B3 nor NF-k Bx . Treatment of the se  cells
w ith LPS (lane 7) substantially enhanced the leve ls  of
both NF-k B2 and k B1, but did not cause  the  activation

of NF-k B3 or k Bx . These  data thus suggested that
phagocytosis of MCG led to a gradual loss  of NF-k B3
and NF-k B2 and a progress ive  generation of NF-k Bx  in
J774 cells by 6.5 h. Judged by the results  w ith cells
w hich were  incubated for 24.5 h w ith MCG alone  or
MCG plus LPS, the  degradation of NF-k B proteins was
transient but at 24.5 h after the initiation of phagocy-
tosis, recovery w as not comple te . The samples  in
lanes 2 and 7 contained no NF-k B3 and possibly a
reduced leve l of NF-k B2 (compare lane 7 to lane 6)
after LPS stimulation.

The effect of MCG on NF- k B proteins in mouse
peritoneal macrophages

The e ffec t of MCG on the  NF-k B profile  in control and
LPS-activated murine peritone al macrophages w as
also ex amined. Four matched sample s of mac ro-
phage s we re  cultured for 6 h prior to LPS addition.
During this pre -incubation pe riod, macrophages w ere
ex posed to MCG for 6, 3 or 0 h. One half of each
group of MCG-treated ce lls  w as then ex posed for
30 min to LPS (10 ng/ml), w hereas the othe r half
se rved as control. Thus, all groups w ere  cultured for a
total of 6.5 h w ith variable time  of ex posure to MCG.
Nuclear prote ins w ere  then ex trac ted from each
group of cells and w ere  subjec ted to EMSA using
radiolabe lled NF-k B oligonucleotide  as ligand.

The  results  (Fig. 6) showed that all NF-k B prote ins
constitutively ex pressed in the nuclei w e re  markedly
inc re ased upon LPS stimulation. Tre atment of the  cells
w ith MCG in the absence of LPS caused in virtual
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FIG. 5. Kinetics of generation of NF- k Bx proteins after phagocytosis of MCG. J774 cells were divided into 5 matched groups
(lanes 1 to 10). They were cultured without MCG (lanes 1 and 6) or with MCG for 24h (lanes 2 and 7), 6h (lanes 3 and 8), 3h
(lanes 4 and 9) or 0h (lanes 5 and 10) at a macrophage to mast cell ratio of 5 to 1. One of each matched group of MCG-untreated
(lane 6) or -treated cells (lanes 7 to 10) was then exposed for 30min to LPS (10ng/ml), whereas the other half was not. Thus,
all groups of the cells were cultured for a total of 24.5h. After washing the cells, nuclear proteins were extracted from each
group of cells and were subjected to EMSA using radiolabelled NF- k B oligonucleotide as ligand as described in the
Experimental section. An additional experiment gave a similar result to that shown.



disappearance of nuclear NF-k B1, B2 and B3, w ith the
appearance of a k Bx  population at all times studied.
As ex pecte d, treatment of macrophages w ith LPS
resulted in the marked increase  of the leve ls of the NF-
k B prote ins. Significantly highe r amounts of nuclear
NF-k B proteins including NF-k Bx  w ere  note d in
macrophage s treated w ith MCG and LPS simultane-
ously. The nuclear NF-k B1, B2 and B3 w ere  absent by
3.5 h w ith a progre ssive loss of k Bx  at 6.5 h in LPS-
stimulated ce lls.

Location and mechanism of NF- k B protein
degradation following MCG exposure

The que stion of w hether the  progressive degradation
of NF-k B prote ins follow ing MCG phagocytosis
occurs  in nuclei or in cytosol w as inve stigated by
w estern analysis  of nuclear and cytosolic  prote ins
ex tracted from J774 ce lls .

Identific ation of nuclear frac tions w ith anti-
N-te rminus antibodie s (Fig. 7a) show ed that phagocy-
tosis of MCG for 0.5, 3.5 and 6.5 h did not cause
noticeable  changes w ith time  in the leve ls of immu-
noreactive nuclear p50 or p65 from the  constitutive
leve ls  (lane  1 vs  lane s 2–5). The ex posure  of MCG-
untreated ce lls  to LPS for 30 min noticeably increased
the leve ls  of immunoreactive  p50, p65 and c -Rel in
nuclear proteins (lane 6), suggesting LPS-induced
nuclear translocation of the se proteins. The ex posure
of the cells treated w ith MCG for 0, 3 or 6 h to LPS for
30 min appeared to result in a very slight reduction of
immunoreac tive nuclear-translocated p50 (lanes
8–10). The  nuclear prote ins ex trac ted from the ce lls,
w hich w ere  incubated w ith MCG for 24 h and then
ex posed to LPS for 30 min (lane  7) contained about
the same  leve l of p50 as that seen in MCG-untreated
and LPS-ex posed cells (lane 6). Under any condition,
these  ex periments did not demonstrate production of

any additional  immunoreactive  prote ins of mol. w t
smaller than p50. The  leve l of immunoreac tive p52 in
nuclear prote ins of MCG- and LPS-untreated cells ve ry
slightly incre ased in response  to 30 min ex posure to
LPS (lane  1 vs lane 6), sugge sting a probable
occurrence of LPS-induced nuclear translocation of
this protein. The constitutive as we ll as LPS-activated
leve ls  of p52 progressively declined for up to 6 h after
ex posure to MCG, w ith the  s imultaneous, progre ssive
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FIG. 6. Effect of MCG exposure on NF- k B proteins in mouse peritoneal macrophages. Murine peritoneal macrophages were
cultured with MCG for 6, 3 or 0h at a macrophage to mast cell ratio of 5 to 1 prior to a 30min incubation in the absence or
presence of LPS (10ng/ml). After incubation, the cells were washed, nuclear proteins were extracted from each group of cells
and were subjected to EMSA using radiolabelled NF- k B oligonucleotide as described in the Experimental section.

FIG. 7. Western analyses of nuclear proteins using antibodies
against N (left) or C (right) terminal peptides of p50, p52, p65,
or c-Rel. J774 cells were cultured for varying periods of time,
as in Fig. 5, without MCG (lane 1 and 6) or with MCG (lanes
2 to 5 and 7 to 10) at a macrophage to mast cell ratio of 5 to
1. After the pretreatment, cells were cultured for an addi-
tional 30min without (lanes 1 to 5) or with (lanes 6 to 10) LPS.
Nuclear proteins were then prepared and Western analyses
were carried out as described in the Experimental section.



generation of immunoreac tive fragments w hich
migrated as p51 and p48 (lanes 3–5 and 8–10). The
constitutive (lane 2) as  w ell as LPS-ac tivated (lane  7)
leve ls  of p52 in the  nuclear prote ins ex trac ted from
the cells ex posed to MCG for 24 h w ere  close to those
se en in MCG-untreated ce lls  (lanes 1 and 6, re spec-
tively), w hich did not contain any immunoreactive
material smalle r than p52. Constitutive  ex pression of
c-Re l in nuc le i of J774 ce lls w as  found to be
progressively lost from nuclei upon treatment of cells
w ith MCG up to 6.5 h (lane  1 vs  lane s 3–5) and
returned to the MCG-untreated leve l betw een 6.5 and
24.5 h (lane 2). The disappearance of the  constitutive
form of c-Re l from nucle i w as cle arly assoc iated w ith
the generation of numerous immunoreactive  frag-
ments w hich are smaller than c -Rel and are indicated
by arrow s. The ex posure of MCG-treated cells to LPS
led to a progre ssive disappearance  of p-65 or c-Re l
from nuclei w ith s imultaneous generation of immu-
noreactive fragments smaller than parent prote ins up
to 6.5 h of MCG treatment (lanes 8–10). The leve l of
p65 or c -Rel re turned, at 24.5 h after MCG treatment,
almost but not complete ly, to the leve l in the nuclei of
MCG-untreated and LPS-tre ated cells (lane  7 to 6).

Weste rn blot analysis  using antibodies against the
C-terminus of p50, p52, p65 or c -Rel (Fig. 7b) showed
quantitativ e  changes to nuclear p50, p52, p65 or c -Rel
in response to LPS ac tivation in both control and
MCG-treated cells. LPS-induced translocation and
MCG-induced breakdow n of these  NFk -B prote ins are
clearly evident. Howeve r, the  antibodies against
C-terminus of p65 or c-Re l failed to recognize smalle r
molecules  w hich w ere  re adily re cognized by anti-
bodie s against N-terminus of p65 or c-Re l, suggesting
that MCG caused the loss of antigenic  de te rminants in
the C-terminal regions of p65 and c-Rel.

The  que stion of w he the r phagocytosis of MCG
causes proteolytic  degradation  of cytosolic NF-k B
and/or Ik Ba prote ins w as also investigated by Western
analysis. The  cytosolic  fractions w ere  pre pared from
J774 ce lls, w hich w ere  treated w ith MCG alone, or
MCG plus LPS under identical conditions as utilized
for recove ry of nuclear frac tions. Weste rn analyses
carried out using anti-N-terminus or anti C-terminus
antibodie s re vealed that the cytosolic p50, p52, p65,

c-Re l and Ik Ba w ere  minimally affe cte d by MCG
treatment (data not show n). LPS tre atment of control
or MCG-treated ce lls  re duced the  amounts of p50,
p52, p65, and c-Rel, most like ly due to nuclear
translocation of the se  prote ins. The leve ls  of cytosolic
Ik Ba w ere  also reduced follow ing LPS treatment,
most likely due to LPS-induced proteolytic
degradation.24 ,2 6

Extracellular degradation of cytosolic NF- k B
proteins by MCG

Rat MCG contain several protease s, including chy-
mase and carbox ypeptidase  A.2 1,23 ,28 ,29 In orde r to
ex amine w hether MCG-protease s could ac t on iso-
lated cytosolic  NF-k B/Ik Ba proteins, the cytosolic
fractions of J774 ce lls  w ere  prepared, incubated for
1 h at 37°C, w ith or w ithout MCG, at a J774 ce ll and
mast cell ratio of 5 to 1, and were  then subjec ted to
Western analysis using antibodies direc ted against the
N-te rminus of p50, p52, p65, c -Rel, or Ik Ba . The
results  (Fig. 8) showed that the  incubation of the
isolated cytosolic fraction w ith MCG caused sub-
stantial loss  of all components of NF-k B/Ik Ba pro-
te ins, suggesting their degradation by MCG-de rived
protease s.

The  observed generation of NF-k Bx  prote ins follow -
ing phagocytosis  of MCG could be  due  to proteolysis
of NF-k B prote ins by protease s know n to be  present
in MCG.2 1,2 3,2 8,29 The leve ls  of MCG-associated tryp-
tase , chymase  and carbox ypeptidase A in MCG-
sonicate s w ere  the re fore ex amined by spectrophoto-
metric methods using a substrate specific for e ach
enzyme. The data indicated that MCG contained 3.4
units of chymase  and 788 units  of carbox ypeptidase
activity/106 mast cell equivalent. There  w as  no
dete ctable tryptase  activity in MCG.

MCG effects on LPS-induced transcription of
mRNA for iNOS and TNF- a in J774 and
peritoneal macrophages

Previous studies  have show n that MCG treatment of
murine peritoneal macrophage s re sults in the inhibi-
tion of LPS-induced tumor ce ll killing, nitric ox ide

N. Ito  et al.

404 Mediators of Inflammation · Vol 7 · 1998

FIG. 8. Western analysis of the effect of MCG on NF- k B/Ik Ba in the isolated cytosolic fraction. The cytosol fractions prepared
from J774 cells were incubated without (–) or with MCG (+) for 1h at 37°C at J774 cell to mast cell equivalent ratio of 5 to 1.
At the end of the incubation period, they were subjected to Western analysis using anti-N-terminal peptides of p50, p52, p65,
c-Rel or Ik Ba .



production,13 and iNOS and TNF-a mRNA ex pres-
sion.1 4 The virtual disappearance of nuc lear NF-k B
prote ins in peritone al macrophages ex posed to MCG
for 6 h (Fig. 6) implicated this  trancription fac tor in the
MCG e ffec t. In the present study, w e also investigated
w hether or not the  transient and low  leve l degradation
of NF-k B prote ins in J774 ce lls , compared to peritoneal
macrophage s, alte red the  ex press ion of iNOS and TNF-
a mRNA in J774 ce lls . Northe rn blot analysis (Fig 9)
show  that J774 cells w hich were  pre -treated w ith MCG
for 3 h and then stimulated w ith LPS for 6 h, ex pre ssed
the same amounts of iNOS and TNF-a mRNA as LPS-
stimulated control ce lls. LPS-induced NO production
by J774 ce lls w as  also not affe cted by MCG treatment
(data not show n). TNF-a mRNA leve ls w ere  also
unchanged w hen analyzed after 30 min of LPS ac tiva-
tion of J774 ce lls treated w ith MCG for 0, 3, 6 and 24 h
(data not show n).

Discussion
The data pre sented in Figures  1–6 collective ly show
that nuclear NF-k B prote ins (particularly p65 and
c-Rel) in J774 ce lls  (Figs 1–5) and in mouse pe ritoneal
macrophage s (Fig. 6) are  proteolytically modified
upon ex posure  of the phagocytes  to MCG at a
macrophage  to mast c ell ratio of 5 to 1. The alte rations
to nuclear NF-k B proteins in mouse  pe ritoneal macro-
phage s is ex tens ive  w hen compared to J774 cells and
is in agre ement w ith the pre viously obse rved inhibi-
tion of iNOS and TNF-a mRNA ex pression.13,14 The
results  of Western blotting ex pe riments (Fig. 6) clearly
show  that nuclear p52, p65 and c-Re l, in either their
constitutive or LPS-ac tivated forms, undergo pro-

gre ssive degradation for up to 6.5 h afte r the  initiatio n
of MCG phagocytosis , as  se en by the decrease  in the
amounts of intac t forms and by the incre ased gene ra-
tion of fragments smalle r than the  parent molecule s.
Degradation of these  prote ins is transie nt w ith the
max imal effect noted at 3–6 h and some res idual
effects we re  noted even at 24 h afte r the  addition of
MCG. Nuclear p50 appears to be  most resis tant to
degradation by MCG compared to the othe r NF-k B
prote ins. Ik Ba prote in in the cytosol of J774 cells
remains intac t follow ing phagocytosis of MCG, but is
degraded upon ex posure of the  cells to LPS, as
previously note d.3 0

Mast cell granules used in the se ex periments w ere
found to contain at le as t tw o different active pro-
te ases, carbox ypeptidase  A and chymase. If the
contents  of MCG are re leased into cytosol follow ing
phagocytosis, the se prote ases are capable of degrad-
ing cytoplasmic  prote ins such as the  NF-k B/Ik Ba
complex  (Fig. 8). How ever, Weste rn analysis (Figs. 7)
clearly show ed that phagocytosis of MCG leads to
more  ex tensive proteolytic degradation of nuclear NF-
k B proteins than cytosolic  NF-k B/Ik Ba proteins. This
could be  due  to the protec tion of cytosolic NF-
k B/Ik Ba prote ins from proteolytic  dige stion, be cause
these  enzymes are contained w ithin the phagolyso-
some follow ing phagocytosis  of MCG by J774 ce lls . A
possibility ex is ts, how ever, that proteolytic  enzymes
in MCG w hich leak out into the  cytoplasmic  compart-
ment from the phagolysosome  may degrade NF-k B
prote ins complex ed w ith intact Ik Ba in cytosol.
Subsequent LPS tre atment activates c ellular TPCK-
sensitive prote ase  w hich degrades Ik Ba 3 0 Prote olyt-
ically alte re d and LPS-ac tivated NF-k B prote ins then
translocate to nuclei and bind to NF-k B motifs , if NF-
k B prote ins re tain the ir nuclear localizing signal
peptide s and DNA-binding domains. Alternatively, the
association of NF-k B, Ik Ba and the Ik Ba -associated
PKAc prote ins31 in the cytosol may prote ct the
compone nts from prote olysis by MCG enzymes if
present in the cytoplasm. The  observation that NF-k B
prote ins translocated to the  nucleus constitutively or
by LPS stimulation and are  transie ntly degraded by
ex posure of the  ce lls to MCG, suggests  that compo-
ne nts of the  MCG may also be  translocated to the
nuclei. The  results of Western blot analyse s are
cons is tent w ith the idea of intra-nuclear degradation
of NF-k B prote ins. This intriguing question and
identification of the  possible  mechanisms by w hich
MCG induces alte rations to the nuclear NF-k B pro-
te ins requires furthe r investigation. Another MCG
compone nt, superox ide  dismutase3 ,7 may also partici-
pate in the  re gulation of NF-k B. How eve r, the
presenc e of superox ide dismutase  does not ex plain
the appearance  of NF-k Bx , because  the changes in the
patte rn of NF-k B in mac rophages ove r-ex pre ssing
supe rox ide dismutase 32 are  totally diffe rent from
those noted afte r phagocytosis of MCG.
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FIG. 9. Effect of MCG exposure on LPS-induced iNOS and
TNF- a mRNA expression in J774 cells. J774 cells were pre-
treated with MCG at a J774 cell to mast cell ratio of 5 to 1 for
3h and were then stimulated with LPS for 6h. Total RNA
extracted at the end of the incubation were electrophoresed
on 1% agarose gel, transferred to a Nytran nylon membrane,
and sequentially hybridized with specific 32P-labelled cDNA
probes.



The  data of Fig. 5 show  that the e ffec ts of MCG
phagocytosis on NF-k B proteins are  transient. The
electron mic roscopic  studies  previously demon-
strated that the majority of phagocytosed MCG are
eliminated from pe ritoneal macrophages through a
phagolysosomal pathw ay w ithin 45 min after the
initiation of phagocytosis.8 How eve r, our data demon-
strate  that pre dominant NF-k B species  in the nuclear
ex tract from J774 ce lls  at 6.5 h after phagocytosis of
MCG are the  prote olytically modified NF-k Bx  pro-
te ins. This is poss ible  if the prote ases derived from
MCG afte r phagocytosis re main ac tive  and are asso-
ciated w ith J774 cells at 6 h after granules  are no
longer intac t in J774 cells. Alternatively, NF-k B pro-
te ins fragmented follow ing phagocytosis of MCG may
remain for at le ast 6.5 h and may not be  re placed by
new ly synthe sized NF-k B prote ins, if the constitutive
synthesis of NF-k B is inhibited by the occupation of
NF-k B site s w ith p65 or c-Re l w hich re tains DNA
binding domains but have  lost C-te rminal re gions. The
finding that NF-k B prote ins ex trac ted from the cells at
24.5 h afte r phagocytosis  are mostly intac t forms of
p50, p52, p65 and c-Re l could be  ex plained by
inactiviation of phagocytosed MCG-derived prote ases
and the synthe sis of new  NF-k B proteins.

The  prote olysis of NF-k B proteins is limited to sites
distal to the nuclear localizing s ignal peptide  sequen-
ce s of these proteins, le aving DNA-binding domains
intact, as  evident by the ability of NF-k Bx  to spec ifi-
cally bind to NF-k B oligonucleotide (Fig. 1). Thus, the
proteolytically alte re d p65 and c -Rel re tains DNA
binding and transac tivating domains in spite  of
proteolytic  degradation from their C-terminal ends
(Fig. 7). This  may be  due to the ac tion of carbox -
ypeptidase  A derived from MCG. It is  interesting to
note  that p50 w hich doe s not posse ss a transactivat-
ing domain but posse sse s both nuclear localizing
signal peptide  and DNA-binding domain is re latively
unaffec ted by phagocytosis of MCG. The lack of
inhibition of iNOS and TNF-a messenger RNA ex pres-
sion in MCG-ex posed J774 cells may be  ex plained by
the transie nt nature of NF-k B degradation  and reten-
tion of the  DNA binding and transac tivating domains.
The ex tensive  proteolytic  modifications to NF-k B
prote ins in peritoneal macrophages by MCG (Fig. 5 vs
Fig. 6) as  compared to the re lative ly moderate
alterations in J774 cells may ex plain the  inhibition of
iNOS and TNF-a gene  ex pre ssion in the former and
the lack of inhibition in the latte r. Although the
underlying mechanism for the diffe re nce  in MCG
effect in these  tw o cell type s is  unknow n, the
association betw een the  magnitude of proteolytic
alterations to NF-k B and the func tional changes are
inte resting. It is notew orthy that in spite  of the ability
of MCG protease s to degrade all NF-k B proteins w hen
incubated w ith cytosol pre parations (Fig. 7), MCG
minimally affe cted the  NF-k B prote ins in the cytosol
of intac t ce lls  after the ir phagocytosis. This suggests

that in intac t cells the cytosolic prote ins are protec ted
from MCG ac tion. The MCG proteases may also
activate other unidentified protease s in the host ce ll
w hich function at the nuclear leve l to modify
translocated NF-k B prote ins.

Mast cell degranulation is know n to generate and
re lease  a number of factors that dire ctly stimulate a
varie ty of ce lls  such as  epithe lial c ells,33 fibroblasts3 4

and endothe lial c ells.3 5 This is  the first e vidence
w hich demonstrate s that the uptake  of MCG by cells
leads to alterations in the  struc ture and possibly the
functions of transc ription fac tors of the NF-k B/Rel
family w hich are important re gulators of inflamma-
tion, c ell prolife ration and apoptosis. The ex planation
for the  variable  func tional re sponses of pe ritoneal
macrophage s and J774 ce lls  to MCG re quire s further
study.
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