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Tumor necrosis factor (TNF) induces expression of granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) but
lymphotoxin � (LT�) does not. Here we report that priming of
cells with agonistic LT� receptor antibody synergistically en-
hanced TNF-induced GM-CSF expression. The LT� priming
process was not due to an increase in TNF-mediated nuclear
translocation of p65, p65 DNA binding, or NF-�B transactiva-
tional activity. The synergistic effect of LT� priming was not
observed with other TNF-responsive genes such as Ccl2 or
RelB, which suggested that this effect was not a general in-
crease in TNF signaling. Furthermore, RelB and p65 were both
independently recruited to the GM-CSF promoter when cells
were primed with LT� followed by TNF treatment. As a conse-
quence, an increase in both chromatin accessibility and the
recruitment of RNA polymerase II were observed to the GM-
CSF promoter. Taken together, these findings suggested that
LT� signaling amplified TNF-mediated GM-CSF expression
by facilitating chromatin access and the co-recruitment of
RNA polymerase II to increase gene transcription. Moreover,
the novel priming process described here underscores the
complexity of the interactions between the classical and alter-
native NF-�B signaling pathways.

The activation of the NF-�B proteins can be through at
least two distinct pathways (1, 2). The classical NF-�B path-
way involves the activation of the I�B kinase (IKK)2 complex
following receptor-ligand interaction. This complex contains
three different kinases; IKK�, -�, and -�, and a major sub-
strate of this kinase complex is I�B� (3). The phosphorylation
of I�B� results in its ubiquitinylation and degradation. The
p65(RelA)/p50 heterodimer is thereby released to translocate
into the nucleus to induce gene transcription. In contrast, the
activation of the alternative NF-�B signaling pathway does
not involve the I�B kinase complex. A major step in the initia-
tion of the alternative pathway is the activation of the NF-�B-

inducing kinase (NIK) (4). The NIK kinase phosphorylates the
IKK� kinase, which induces the phosphorylation of p100.
The phosphorylation of p100 initiates processing where the
ankyrin repeats of p100 are removed to generate p52 and ex-
poses the nuclear localization sequences of RelB. The RelB/
p52 complex translocates into the nucleus to bind various
promoters and facilitates gene transcription. Several factors
distinguish the two pathways. The classical pathway requires
IKK�, the degradation of I�B�, and primarily results in the
nuclear translocation of p65/p50. In contrast, the alternative
pathway involves the activation of NIK, the processing of
p100, and the nuclear translocation of RelB/p52. Although
several NF-�B responsive genes are activated by both path-
ways, numerous genes are uniquely activated by only one
pathway (2, 5). Both pathways involve the degradation or
processing of inhibitor proteins and the nuclear translocation
of the NF-�B transcription factors.
Several studies have shown crosstalk between the two path-

ways. In some cases, the interaction between the two path-
ways resulted in a negative response (6). In particular the for-
mation of interchangable dimeric partners has been described
with the activation of both pathways. Marienfeld et al. (7)
have shown that the formation of a RelA(p65)/RelB het-
erodimer resulted in a negative response where the RelB pro-
tein was sequestering and inhibiting p65 from binding to
DNA. Conversely, other studies have shown the formation of
the RelA/RelB heterodimer leading to increased gene tran-
scription (8). Recent studies have shown that the priming of
cells with tumor necrosis factor (TNF), which activates the
classical NF-�B pathway, resulted in the expression of p100
(9). The p100 then acts as a fourth I�B protein; it binds and
sequesters the TNF-induced p65/p50 heterodimer by forming
a trimolecular complex of p100/RelA/p50 (9). If the alterna-
tive pathway is activated through the lymphotoxin � (LT�)
receptor in the TNF-primed cells, the processing of p100
results in the release of the p65/p50 to induce gene transcrip-
tion. The gene expression profile of the TNF-primed/LT�-
activated cells resembles the gene expression profile of TNF-
treated cells. Thus, the two NF-�B pathways may interact
with each other to influence either positively or negatively the
transcription of NF-�B-responsive genes.

We have previously shown that the phosphorylation of p65
at serine 536 resulted in an increase in GM-CSF gene (Csf2)
expression (10). The phosphorylation was responsible for the
co-recruitment of p300 and RNA polymerase II to the proxi-
mal site of the Csf2 gene promoter. Jiang et al. (11) have
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shown that the phosphorylation of p65 at serine 536 by IKK�
was induced by LT�R in mouse fibroblast cells. Based on
these findings, we wondered whether signaling through the
LT�R could induce the transcription of Csf2 gene as seen
with TNF. Here we have shown that the treatment of 3T3
fibroblast cells with agonistic LT�R mAb resulted in the
phosphorylation of p65 on serine 536; however, this was not
sufficient to induce the expression of the Csf2 gene. Priming
the cells with LT�R mAb resulted in a synergistic increase of
TNF-mediated Csf2 expression. The synergistic enhancement
required the activation of NIK and signaling through the al-
ternative NF-�B pathway. Furthermore, nuclear translocation
and recruitment of both p65 and RelB to the Csf2 promoter
were observed during the LT�R priming of TNF-mediated
Csf2 gene expression. These findings suggested that RelB
binding to the Csf2 promoter synergistically enhances subse-
quent phospho-p65-driven gene expression.

EXPERIMENTAL PROCEDURES

Cell Culture Condition (Priming Protocol)—NIH 3T3 cells
were maintained in DMEMmedium supplemented with 10%
FBS, L-glutamine, and antibiotics as described elsewhere. For
the priming experiments, cells were treated with the priming
agent for the indicated time interval. The cells were then
washed with PBS to remove the priming agent and then
treated with either TNF (25 ng/ml, Peprotech) or agonistic
mouse LT�R mAb (0.5 �g/ml, Axxora) for the indicated time
interval. In some cases, the cells were pretreated with cyclo-
heximide (CHX) (1 �g/ml, Sigma) for 2 h before priming or
treatment. The suppression of Map3k14 and Relb gene ex-
pression involved the transfection of NIH 3T3 cells with the
Map3k14 and RelB shRNAmir plasmids (OpenBiosystems)
with the transfection reagent FuGENE 6 (LaRoche). Stable
transfectants were obtained through puromycin selection
and confirmed by semi-quantitative real-time qPCR. The
MAP3K14 expression plasmid was purchased from
OpenBiosystems.
Reporter Plasmid Construction and Transfections—The

NF-�B responsive region of the Csf2 promoter (12) was syn-
thesized by ligating various oligonucleotides as described by
Rouillard et al. (13) (see supplemental Table S1 for primer
sequences). The synthesized gene was then directionally sub-
cloned into the pSEAP2-basic reporter plasmid (Clontech).
Cells were transfected with either the pSEAP2-NF�B or
pSEAP2-Csf2 reporter constructs with FuGENE6 transfection
reagent (LaRoche). After an overnight incubation, the cells
were treated with the indicated cytokines. On the following
day, the culture supernatant was assessed for SEAP activity
(source), and the cells were lysed and �-galactosidase activity
was measured (source). The transfection efficiency was as-
sessed with the addition of pCMV-�gal plasmid during the
transfection process.
p65 DNA Binding Assay—The p65 DNA binding assay was

performed according to the protocol provided by the manu-
facturer (Active Motif). Two micrograms of nuclear extracts
from cells treated with the indicated cytokines were analyzed
with the kit.

Immunoblot and Immunoprecipitation—Immunoblot and
immunoprecipitation analyses were performed as previously
described (14). 10 or 5 �g of whole cell lysate or subcellular
(cytoplasmic/nuclear) extracts were separated by PAGE and
transferred to PVDF membranes. Membranes were blocked
and blotted with various antibodies either individually or in
combination (see supplemental Table S1 for antibody infor-
mation). The immune complexes were detected with en-
hanced chemifluorescence and visualized with the Typhoon
scanner (GE Health Science).
For immunoprecipitation experiments with NIK antibody,

1 mg of total protein for each sample was precleared with 40
�l of protein A/G PLUS-agarose beads (Santa Cruz Biotech-
nology) for 1 h at 4 °C. The precleared samples were incu-
bated with 1 �g of NIK antibody (Santa Cruz Biotechnology)
overnight at 4 °C. The immunocomplexes were precipitated
with protein A/G PLUS-agarose beads and eluted with 1�
NuPAGE sample buffer (Invitrogen). Immunoblot analyses
with the indicated antibody were conducted to detect the
presence of specific proteins in the immunoprecipitated
samples.
Semi-quantitative RT-qPCR—Total cellular RNA was iso-

lated using the RNeasy kit (Qiagen), and cDNA was generated
using VILO cDNA synthesis kit (Invitrogen). Semi-quantita-
tive real-time PCR was performed as previously described
(14). The primer sequences are listed in the supplemental Ta-
ble S1 (15).
ChIP Assay—Chromatin immunoprecipitation reaction was

performed according to the following protocol (16) with a few
modifications. Chromatin samples were sonicated four times
for 10 s at 40 V on ice. Sheared chromatin samples were pre-
cleared with 40 �l of protein A/G PLUS-agarose beads (Santa
Cruz Biotechnology). 200 �g of sonicated chromatin was in-
cubated with 2 �g of the indicated antibodies (see supplemen-
tal Table S1) overnight at 4 °C. The analysis of fold enrich-
ment was measured by real-time PCR using a previously
described method (17). The immunodepletion ChIP assay was
conducted according to the following protocol (14).
Chromatin Accessibility by Real-time PCR (CHART)

Assay—The CHART assay was performed as previously
described (18) with the following modifications. Five mil-
lion nuclei from treated 3T3 cells were isolated and di-
gested with 100 units of micrococcal nuclease (MNase)
(New England Biolab) for 5 min at room temperature.
Genomic DNA was isolated with the DNeasy kit (Qiagen),
and 36 ng of DNA was used for SYBR green real-time PCR
(Bio-Rad). The primer sequences are listed in supplemental
Table S2. The endogenous endonuclease activity was as-
sessed with a control that was not treated with micrococcal
nuclease for each treatment. The percent MNase cutting
was determined as a percentage of digested versus undi-
gested genomic DNA of each sample by converting the
threshold cycle values of the amplification plot to a standard
curve generated from with the cloned genomic DNA. The
percent accessibility was expressed as follows: percent acces-
sibility � 100 � percent MNase cutting.
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RESULTS

p65 Phosphorylation with LT�R mAb Treatment—Previ-
ously we have shown that the phosphorylation of p65 at ser-
ine 536 was required for the induction of TNF-mediated GM-
CSF expression (10). Furthermore, Jiang et al. (11) have
demonstrated that the phosphorylation of p65 at serine 536
by LT� receptor (LT�R) signaling involved the NIK-IKK�
cascade. To investigate the induction of GM-CSF by LT�R
signaling, mouse 3T3 fibroblast cells were treated with either
TNF or agonistic LT�R mAb for different time intervals. The
rapid phosphorylation of p65 was observed within an hour of
TNF treatment (Fig. 1A, lanes 1–5). Likewise, the degradation
and resynthesis of I�B� occurred during the same time inter-
val. TNF treatment for 3 h also resulted in an increase in p100
and RelB levels. This was in agreement with previous studies
that described the degradation and resynthesis of I�B� and
the induction of p100 and RelB by the classical NF-�B signal-
ing pathway following TNF treatment (19). In contrast, a re-
duction of p100 was observed 3 h after the treatment with
agonistic LT�R mAb (compare lanes 1 and 6–9) with a corre-
sponding increase in nuclear p52 (Fig. 1B, lanes 8 and 9). The
treatment with LT�R mAb did not affect the amount of I�B�
or RelB. These findings were consistent with the activation of
the alternative NF-�B signaling pathway where p100 is pro-
cessed to generate p52, which translocates into the nucleus
(20). In contrast to TNF stimulation, a slower gradual increase
in phosphorylated p65 was detected following LT�R activa-
tion. The results demonstrated that the activation of either
the classical (TNF) or the alternative (LT�R) pathway induced
the phosphorylation of p65. In contrast to the phosphoryla-

tion of p65, TNF, but not LT�R mAb, treatment increased the
amount of Csf2 transcripts (Fig. 1C). The kinetics of TNF-
mediated Csf2 expression matched that of the phosphoryla-
tion of p65. Even with a longer incubation time, the amount
of Csf2 induction by LT�R activation did not increase to the
level seen with TNF treatment. Although the treatment with
the agonistic LT�R mAb resulted in an increase in the phos-
phorylation of p65, a lack of Csf2 induction was observed.
These findings suggested that the phosphorylation of p65 was
not sufficient for the induction of Csf2 transcription by LT�R
signaling.
LT�R mAb Priming Enhanced TNF-mediated Csf2

Expression—Several studies have shown that the priming of
cells with TNF facilitated the induction of classical NF-�B
responsive genes by LT�R signaling (21). It has been shown
that, during the TNF priming process, p100 expression was
induced and functioned as a fourth I�B protein that com-
plexed with p65/p50 heterodimers. The subsequent activation
of the LT�R signal resulted in the processing of p100 and the
release and nuclear translocation of p65/p50 dimers, which
induced the transcription of classical NF-�B responsive genes.
In agreement, Csf2 expression was induced by LT�R mAb
treatment when the cells were primed with TNF (supplemen-
tal Fig. S1). Interestingly, when the sequence of exposure to
TNF and LT�R signaling was reversed, a synergistic effect was
observed on the induction of Csf2 gene expression. The cells
were incubated with the agonistic LT�R mAb for 4 h (prim-
ing), washed, and then treated with TNF for an hour. This
priming process resulted in a 40-fold increase in the amount
of Csf2 transcripts as compared with TNF treatment alone.

FIGURE 1. Kinetics of p65 phosphorylation and the induction of Csf2 by either TNF or LT�R mAb. Whole cell lysates (A) and nuclear extracts (B) of 3T3
cells that were treated with either TNF (25 ng/ml) or LT�R-mAb (LT�R) (0.5 �g/ml) for the indicated time period were probed with the indicated antibodies
(right). C, induction of Csf2 by TNF but not LT�R-mAb (LT�R). The relative fold induction of Csf2 was determined by RT-qPCR from cDNA of cells treated with
TNF or LT�R for the indicated time period. The data points and error bars in the various graphs represent the average and standard error of the means of at
least three independent experiments.
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The synergistic effect was substantially greater than the ob-
served effect when the cells were primed with TNF and then
followed with LT�R mAb treatment (compare Fig. 2A with
supplemental Fig. S1). This effect seemed to be specific for the
Csf2 gene since a synergistic effect was not seen with Ccl2 and
RelB expression (supplemental Fig. S2, A and B). Further-
more, a minimum of 4 h of LT�R mAb priming resulted in a
synergistic increase in Csf2 transcripts, which corresponds to
the kinetics of p100 processing (Fig. 2B). In contrast, when
the cells were allowed to rest for various time intervals after
LT�R mAb priming before TNF treatment, the synergistic
effect was rapidly reduced indicating the transient nature of
the priming effect (Fig. 2C). Taken together, these findings
indicated that the synergistic effect seen with TNF and ago-
nistic LT�R mAb treatment was crucially influenced by the
timing and order of exposure.
Activation of NIK Is Required for LT�R mAb Priming—The

requirement for de novo protein synthesis is a major differ-
ence between the classical and alternative NF-�B signaling
pathway (1). The protein synthesis inhibitor CHX enhances

the TNF-induced classical NF-�B signal (22), whereas the
LT�R signal-mediated alternative NF-�B response is blocked
(23). To investigate if the LT�R mAb priming effect was the
result of activating the alternative NF-�B pathway, cells were
treated with CHX during the LT�R mAb priming process. As
seen in Fig. 3, the addition of CHX resulted in an increase in
TNF-mediated Csf2 expression (�3-fold), whereas the LT�R
mAb priming effect was completely abrogated by the addition
of CHX. These findings indicated that the synergistic re-
sponse observed with LT�R mAb priming required de novo
protein synthesis.
Qing et al. (24) have shown that an increase in NF-�B in-

ducing kinase (NIK) stability following LT�R activation is a
key positive regulator in the alternative NF-�B pathway. Fur-
thermore the inhibition of the alternative NF-�B pathway by
CHX treatment was due to an increase in NIK turnover (25).
To investigate the role of NIK in the LT�R mAb priming
process, NIK expression was decreased in cells with the
Map3k14 shRNAmir. As seen in Fig. 4A, the level of NIK
transcripts was significantly reduced in the cell line stably

FIGURE 2. LT�R priming increased TNF-mediated Csf2 expression. A, 3T3 cells were treated with either TNF or LT�R mAb individually or primed with
LT�R mAb for 4 h and then treated with TNF for 1 h (LT�R�/TNF) as described under “Experimental Procedures.” The amount of Csf2 transcripts was ana-
lyzed by RT-qPCR. B, Csf2 transcripts were measured from cDNA sample cells that were primed with LT�R for the indicated time periods, washed, and
treated with TNF for 1 h. C, cells were primed for 4 h with LT�R mAb, washed, incubated in medium for the indicated time period, and treated with TNF for
1 h. Complementary DNA from isolated RNA from treated cells were analyzed for Csf2 transcript levels. The data points and error bars in the various graphs
represent the average and standard error of the means of at least three independent experiments.
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transfected with Map3K14 shRNA. Furthermore, the induc-
tion of NIK protein by LT�R-mAb treatment was abrogated
in the cells transfected with the Map3k14 shRNA (upper
panel of Fig. 4B). Moreover, LT�R-induced p100 processing
was inhibited in the NIK knockdown cells (middle panel of
Fig. 4B and quantitated in supplemental Fig. S3A). As seen in
Fig. 4C, the amount of TNF-mediated Csf2 expression be-
tween the control and NIK knockdown cells were equivalent.
These findings suggested that the suppression of NIK expres-
sion affected the alternative (LT�R mAb) but not the classical

(TNF) NF-�B signaling pathway. Accordingly, the synergistic
effect on Csf2 expression seen with LT�R mAb priming fol-
lowed by TNF stimulation was blocked in the NIK knock-
down cells (Fig. 4C). These results indicated that NIK was
required for the synergistic effect of LT�R mAb on TNF-me-
diated Csf2 expression. In addition, the exogenous expression
of the human NIK protein (MAP3K14) restored the LT�R
mAb priming effect in the NIK knockdown cells (see supple-
mental Fig. S3, B and C). Thus, the inhibition of the synergis-
tic effects of LT�R priming by CHX and by NIK knockdown
indicated that the alternative NF-�B pathway plays a pivotal
role in the synergistic effect of LT�R priming on TNF-in-
duced Csf2 expression.
Nuclear Translocation of RelB, but Not p65, Occurred dur-

ing LT�R mAb Priming—The nuclear translocation of the
various NF-�B proteins plays a pivotal role in the activation of
both the classical and alternative pathway. It was conceivable
that the priming effect by LT�R mAb was mediated by an
increase in the amount of nuclear translocation of p65/p50
dimers to induce Csf2 expression. To investigate this possibil-
ity, cytoplasmic and nuclear extracts from treated cells were
analyzed for the nuclear translocation of NF-�B proteins. The
treatment with either LT�R mAb or TNF resulted in an in-
crease in the phosphorylation of p65 in the whole cell lysates
and cytoplasmic fractions (lanes 1–8 of the top panel of Fig.

FIGURE 3. LT�R synergistic effect was sensitive to cycloheximide treat-
ment. Cells were pretreated with either medium or CHX for 2 h before
treatment. Complementary DNA from total RNA isolated from TNF, LT�R, or
LT�R�/TNF-treated cells were analyzed for Csf2 transcripts.

FIGURE 4. Suppression of NIK (Map3k14) inhibited LT�R-mediated priming. A, complementary DNA from total RNA isolated from cells transfected with
the control (pLKO.1) or Map3k14 shRNA plasmid was analyzed for Map3k14 transcripts. B, transfected cells with either the control (pLKO.1) or NIK shRNAi
(Map3k14 shRNA) plasmid were treated with LT�R mAb (0.5 �g/ml) for 2 h. Lysates were immunoprecipitated and immunoblotted with the NIK antibody.
Whole cell lysate from the same samples were immunoblotted for p100 levels, as seen in the middle panel. The intensity of p100 bands following LT�R-mAb
treatment was measured, and the results from three separate experiments were summarized in supplemental Fig. S3A. C, total RNA isolated from trans-
fected cells with the control (pLKO.1) or Map3k14 shRNA plasmid (Map3k14 kd) treated with the indicated agents was analyzed for Csf2 transcripts. The
amount of Csf2 expression following either TNF or LT�R-mAb treatment is shown in supplemental Fig. S3B.
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5A). However, an increase in nuclear phospho-p65 was de-
tected only after TNF but not after LT�R mAb treatment
(lanes 9 and 10). The absence of either phospho- or total p65
in the nucleus following LT�R mAb treatment could explain
the failure of LT�R signaling alone to augment Csf2 expres-
sion as seen in Fig. 1. In contrast, the activation of LT�R sig-
naling resulted in an increase in nuclear RelB (middle panel).
These findings were consistent with the activation of the al-
ternative NF-�B pathway through LT�R signaling. With TNF
treatment, an increase in nuclear p65, but not p52 (see sup-
plemental Fig. S4) or RelB, was observed. These findings were
consistent with the activation of the classical NF-�B pathway
by TNF signaling. The amount of nuclear NF-�B proteins was
not significantly different between the LT�R-primed nuclear
samples and those stimulated with TNF alone. In particular,
although a slight increase was observed in phospho-p65 in the
whole cell lysate (lane 4 of the top panel), the amount of nu-
clear phospho-p65 was similar between the LT�R-primed and
unprimed TNF-treated samples (compare lanes 10 and 12 of
the top panel). Likewise, no difference in the amount of nu-
clear RelB (compare lanes 11 and 12) was observed between
the primed and LT�R mAb alone treated samples. Therefore,
subsequent TNF stimulation did not augment nuclear trans-
location of the p52 and RelB that had been induced by LT�R
signaling. It is important to note that the priming with LT�R
mAb did not affect the total amount of p65 and RelB (see
lanes 1 through 4). Furthermore, immunoprecipitation exper-
iments of nuclear lysates from primed cells demonstrated that
RelB and p65 were not associated with each other (supple-
mental Fig. S6A). The major difference between the primed
cells and those treated with TNF alone was the nuclear accu-
mulation of both phospho-p65 and RelB in the primed cell
nucleus. These findings suggested that qualitative, but not

quantitative, differences in the nuclear translocation of both
p65 and RelB might be involved in synergistic effect observed
after LT�R priming followed by TNF treatment.
It was also conceivable that either the DNA binding activity

or the transactivation potential of the NF-�B transcription
factors was increased during the LT�R mAb priming process.
To investigate these possibilities, the DNA binding capacity of
p65 was measured in nuclear extracts from cells that were
primed with LT�R mAb. As seen in Fig. 5B, an increase in
p65 DNA binding activity was observed in nuclear extracts
from cells that were treated with TNF but not LT�R mAb.
Priming with LT�R mAb followed by TNF treatment resulted
in an increase in p65 DNA binding activity to a level similar to
TNF treatment alone. The p65 DNA binding activity was
blocked with an oligonucleotide containing the wild type, but
not a mutated, NF-�B consensus sequence (supplemental Fig.
S5). Furthermore, a reporter plasmid containing the cis acting
NF-�B response element from the Csf2 promoter (12) was
transfected into cells and the amount of reporter expression
was assessed after treating the cells with TNF or LT�R mAb
alone or primed with LT�R mAb before TNF treatment. As
seen in Fig. 5C, an increase in NF-�B transcriptional activity
was seen with TNF, but not LT�R, treatment. The amount of
transcriptional activity did not significantly increase over TNF
treatment alone when the cells were primed with LT�R mAb
and then treated with TNF. Taken together, these findings
indicated that the LT�R-priming effect was not due to an in-
crease in either the p65 DNA binding activity or NF-�B trans-
activational activity.
Although the amount of nuclear translocation and the

transactivational potential of the NF-�B transcriptional fac-
tors were not further increased, it was possible that an in-
crease in chromatin accessibility could explain the synergistic

FIGURE 5. Nuclear translocation of p65 and RelB during LT�R priming. A, whole cell lysates (Whole lysate), cytoplasmic, and nuclear extracts from
treated cells were fractionated as described under “Experimental Procedures.” 10 �g of total protein of each fraction were loaded into each lane. The ex-
tracts were probed with the indicated antibodies. NPM and �-tubulin served as the nuclear and cytoplasmic controls, respectively. This experiment has
been repeated at least twice. B, p65 DNA binding activity was analyzed from nuclear extracts from cells treated with either TNF (25 ng/ml for 1 h), LT�R (0.5
�g for 4 h) or LT�R�/TNF (primed with LT�R mAb for 4 h, washed, and then treated with TNF for 1 h). C, cells were transfected with reporter plasmids con-
taining the Csf2 promoter, and treated with the indicated agents for 24 h. SEAP and �-gal activity were assessed, and the data were represented as a fold
induction as compared with the untreated sample.
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effect observed during LT�R mAb priming of TNF-mediated
Csf2 transcription. Several studies (18, 26, 27) have shown
that the activation of T cells resulted in an increase in chro-
matin accessibility at the Csf2 promoter during transcription.
To study this possibility, chromatin remodeling of the Csf2
promoter was monitored with the chromatin accessibility
assay from cells that were primed with LT�R mAb and then
treated with TNF. For the chromatin accessibility assay, nu-
clei from treated cells were incubated with MNase, quantita-
tively assessed by real-time PCR, and expressed as a percent-
age of the amount of undigested genomic DNA samples (26,
28). As seen in the Fig. 6, TNF or LT�R mAb treatment re-

sulted in an increase in chromatin accessibility to the proxi-
mal, but not the distal, region of the promoter. The proximal
region has been shown to contain a cis acting NF-�B respon-
sive element, whereas the distal region does not. Moveover,
accessibility to the proximal region was dramatically in-
creased when the cells were primed with LT�R mAb and then
treated with TNF. In contrast, accessibility of the distal region
was not affected which indicated that the LT�R priming pro-
cess was specific to the proximal region of the Csf2 promoter.
These findings suggested that a significant increase in accessi-
bility to the Csf2 promoter during the LT�R mAb priming
process could account for the synergistic induction seen with
TNF-mediated Csf2 expression.
Co-recruitment of RelB and p65 to the Csf2 Promoter during

LT�R Priming and TNF Treatment—Several studies have
shown that the recruitment of p65 to the Csf2 promoter re-
sults in an increase in gene transcription (27). To investigate if
p65 and RelB were recruited to the Csf2 promoter, a chroma-
tin immunoprecipitation (ChIP) assay was performed on cells
that were LT�R mAb primed followed by TNF treatment or
treated with TNF or LT�R mAb alone. As seen in Fig. 7A, p65
but not RelB was recruited to the Csf2 promoter following
TNF treatment. In contrast, LT�R mAb treatment induced
the recruitment of RelB, but not p65, to the Csf2 promoter.
When the cells were primed with LT�R mAb and then
treated with TNF, the recruitment of both RelB and p65 to
the Csf2 promoter was observed. The amount of p65 and RelB
recruited to the Csf2 promoter did not change with LT�R
priming. In addition, it was possible that the RelB and p65
were recruited the Csf2 promoter on different alleles. To ad-
dress this possibility, chromatin from LT�R mAb primed and
TNF-treated samples were immunodepleted with antibodies
against RelB and the remaining chromatin was precipitated
with antibodies against p65. As seen in the supplemental Fig.
S7, the amount of DNA precipitated with anti-p65 was re-
duced when the samples were immunodepleted with anti-
RelB as compared with the control sample (immunodepletion

FIGURE 6. An increase in chromatin accessibility to the Csf2 promoter
during LT�R priming. Nuclei from either untreated or treated cells were
isolated and digested with micrococcal nuclease as indicated under “Experi-
mental Procedures.” The percent MNase cutting was determined by the
amount of remaining DNA after MNase incubation as compared with undi-
gested DNA and the percent accessibility is the difference between 100%
minus the percent MNase cutting. The average and standard error of means
of three experiments were graphed.

FIGURE 7. Recruitment of p65 and RelB to Csf2 promoter during LT�R priming. Chromatin from cells treated with the indicated agents were immuno-
precipitated with antibodies against p65 and RelB (A) or p300 and RNA polymerase II (RNAP2) (B). Immunoprecipitated chromatin was probed with primers
against the Csf2 promoter and measured with real-time PCR.
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with normal immunoglobulin). A similar finding was ob-
served when the samples were immunodepleted with anti-p65
and precipitated with anti-RelB. These findings indicated that
RelB and p65 were recruited to the Csf2 promoter on the
same allele. Taken together, these findings demonstrated that
there were qualitative (the recruitment of both RelB and p65)
and not quantitative differences between the priming fol-
lowed by TNF treatment and the individual treatments. Fur-
thermore, we have previously described the co-recruitment of
p300 and RNA polymerase II to the Csf2 promoter following
TNF treatment, which resulted in an increase in Csf2 tran-
scription (10). As expected, the treatment with TNF alone
resulted in the recruitment of p300 and RNA polymerase II to
the Csf2 promoter (Fig. 7B). In contrast, p300 or RNA poly-
merase II was not recruited to the Csf2 promoter after LT�R
mAb treatment. The levels of RNA polymerase II recruited to

the Csf2 promoter were higher in the LT�R mAb-primed
sample treated with TNF than in cells stimulated with TNF
alone. These differences in the levels of RNA polymerase II
could be responsible for the synergistic effect observed with
LT�R mAb priming of TNF-mediated Csf2 expression.
Based on our findings, the recruitment of RelB to the Csf2

promoter during the priming process could account for the
increased robustness in TNF-mediated Csf2 expression. To
investigate the role of RelB in the enhancement of TNF-medi-
ated Csf2 transcription, the expression of endogenous RelB
was suppressed with the transfection of Relb shRNAmir into
3T3 fibroblast cells. As seen in Fig. 8, the amount of Relb pro-
tein was reduced in the two clones transfected with the Relb
shRNAmir as compared with the cells transfected with the
control plasmid (pGIPZ) (Fig. 8A). Chromatin accessibility to
the proximal region of the Csf2 promoter was reduced in the

FIGURE 8. Knocking down RelB expression resulted in the mitigation of LT�R mAb priming of TNF-mediated Csf2 expression. A, lysates from cells
stably transfected with either the control (pGIPZ) or two clones of RelB (RelB shRNAmir clones 1 and 2) shRNAmir plasmids were probed with the RelB anti-
body. B, nuclei from cells transfected with the control (pGIPZ) or RelB shRNAmir (clones 1 and 2), that were treated with TNF or primed with LT�R mAb and
then treated with TNF (LT�R�/TNF) were isolated and the accessibility to the proximal region of the Csf2 promoter was assessed as described earlier. C, chro-
matin immunoprecipitation analyses for the recruitment of RNA polymerase II to the proximal region of the Csf2 promoter were conducted on sheared
chromatin from cells transfected with either the control (pGIPZ) or RelB shRNAmir (clone 1) that were either untreated (none) or primed with LT�R mAb and
then treated with TNF (LT�R�/TNF). Similar results were obtained from chromatin immunoprecipitation analyses performed with RelB shRNAmir clone 2
(data not shown). D, inhibition of LT�R mAb priming synergy of TNF-mediated Csf2 expression with the suppression of RelB expression. Semi-quantitative
RT-qPCR analyses for Csf2 transcripts were performed on complementary DNA isolated from cells transfected with either the control or RelB shRNAmir plas-
mids that were either treated with TNF alone (TNF) or primed with LT�R mAb and then treated with TNF (LT�R�/TNF).
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cells lacking Relb protein when primed with LT�R and
treated with TNF, although the TNF-mediated chromatin
accessibility was not affected (Fig. 8B). Similarly, the recruit-
ment of RNA polymerase II to the Csf2 promoter was sup-
pressed in the cells lacking RelB when primed with LT�R and
treated with TNF (Fig. 8C, data not shown for second clone).
Lastly the synergistic enhancement of Csf2 expression by LT�
signaling of TNF-mediated Csf2 expression was abrogated
with the suppression of RelB protein expression (Fig. 8D).
These findings demonstrated that RelB was required for the
increase in chromatin accessibility and recruitment of RNA
polymerase II to the Csf2 promoter during the LT�-priming/
TNF treatment. Hence the RelB may be playing a role in in-
creasing chromatin accessibility to the Csf2 promoter, which
then increases the recruitment of RNA polymerase II for the
transcription of the Csf2 gene.

DISCUSSION

Many characteristics distinguish the two NF-�B signaling
pathways. However, as seen in many biological signaling sys-
tems, there exist numerous intersections that allow the path-
ways to influence each other. Here we described a synergistic
relationship between the classical and alternative NF-�B sig-
naling pathway that regulates the expression of GM-CSF. The
transcription of the Csf2 gene has been shown to respond to
stimuli that activate the classical NF-�B signaling pathway
such as signaling through the TNF receptor. We have previ-
ously shown that this process involves the phosphorylation of
p65 on serine 536 (10). The activation of the alternative
NF-�B signaling pathway through the LT�R resulted in the
phosphorylation of serine 536 on p65 but did not induce Csf2
gene transcription. However if the cells were primed with ag-
onistic LT�R antibody and then treated with TNF, a synergis-
tic induction of Csf2, but not Ccl2, another TNF responsive
gene, expression was observed. The synergistic effect was de-
pendent on de novo protein synthesis and involved the nu-
clear translocation and recruitment of RelB and p65 proteins
to the Csf2 promoter. In addition, suppression of NIK expres-
sion resulted in the loss of the synergistic effect induced by
agonistic LT�R mAb, which indicated that the alternative
NF-�B signaling pathway was required. Taken together these
findings suggested that RelB facilitated the induction of p65-
mediated Csf2 expression.
A feature that distinguishes the alternative from the classi-

cal NF-�B pathway is the lack of NEMO (IKK�) activity (29).
In contrast, the activity of IKK� has been reported to be in-
volved in both pathways (30, 31). The activation of IKK� is
responsible for the phosphorylation of p65 on serine 536 by
both TNF (32) and agonistic LT�R mAb (11) treatment. The
degradation of I�B� induced by TNF and the processing of
p100 induced by LT�R signaling are both mediated by IKK�
activity; I�B� degradation is a NEMO-dependent process and
p100 processing is a NEMO-independent process. The kinet-
ics of maximum TNF- and LT�R mAb-induced phosphoryla-
tion of p65 coincided with the kinetics of degradation of I�B�
and processing of p100, which was consistent with the activa-
tion of the two IKK� complexes. However, because the alter-
native NF-�B pathway is not dependent on NEMO activity,

the LT�R mAb-induced phospho-p65 was sequestered in the
cytoplasm by I�B�. This explains the lack of Csf2 induction
following the LT�R mAb treatment despite the phosphoryla-
tion of p65. This also confirms the specificity of the agonistic
LT�R mAb antibody in stimulating only the alternative
NF-�B signaling pathway.

Based on the data shown here, the synergistic effect of
LT�R priming on TNF-mediated Csf2 induction involved the
recruitment of p65 and RelB independently to the Csf2 pro-
moter, which resulted in an increase in chromatin remodeling
and the co-recruitment of RNA polymerase II. In accordance,
Brettingham-Moore et al. (18) have shown that the presence
of the NF-�B transcription factor c-Rel in the nucleus re-
sulted in the remodeling of the chromatin surrounding the
Csf2 promoter and Csf2 transcription in activated T cells.
Although we used a different cell-type and stimuli, the co-
recruitment of p65, p300, and RNA polymerase II to the Csf2
promoter following TNF treatment was sufficient to induce
gene transcription. With LT�R priming, RelB was also re-
cruited to the Csf2 promoter, which resulted in a dramatic
increase in Csf2 transcription. Furthermore, the co-recruit-
ment of RelB to the Csf2 promoter increased the amount of
RNA polymerase II recruitment, which is consistent with an
increase in Csf2 transcription. RelB alone, as seen with LT�R
treatment, was not responsible for the co-recruitment of RNA
polymerase II and p300 to the Csf2 promoter. Furthermore,
the suppression of RelB expression resulted in the abrogation
of the synergistic effect on TNF-mediated Csf2 expression by
LT�R mAb priming. Hence it is possible that recruitment of
RelB (during LT�R priming) to the Csf2 promoter makes the
chromatin accessible and facilitates the p65-mediated recruit-
ment of RNA polymerase II (during TNF activation), which
results in an increase in gene transcription.
The findings from the sequential immunoprecipitation ex-

periment in supplemental Fig. S5 demonstrated that p65 and
RelB exist as independent dimers in lysates from LT�R mAb-
primed and TNF-treated cells. In agreement, the amount of
p65 recruitment to the Csf2 promoter was not affected in
RelB knock-down cells that were primed with LT�R-mAb
and then treated with TNF (see supplemental Fig. S6B). Fur-
thermore, the results from the immunodepletion ChIP assay
suggested that p65 and RelB were recruited to the Csf2 pro-
moter on the same allele, as seen in supplemental Fig. S6,
when cells were primed with LT�R mAb and treated with
TNF. In addition, a single cis acting NF-�B response element
has been described to the region of the Csf2 promoter that
was precipitated in the ChIP assays. It is conceivable that the
LT�R mAb priming process induces RelB to act as an en-
hancer that binds to a distal site which alters the chromatin
architecture to promote p65-mediated Csf2 transcription fol-
lowing TNF treatment. Osborne et al. (12) have described a
400 bp element, which shares 67% homology to the human
CSF2 enhancer and is 2 kb upstream from the mouse Csf2
gene. However, we could not detect the recruitment of either
RelB or p65 to this distal 400 bp element following LT�R
priming/treatment or TNF treatment (data not shown). It is
possible that there could be other sites within the Csf2 pro-
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moter that facilitate p65-mediated Csf2 expression after TNF
treatment.
Remodeling of chromatin involves the post-translational

modification of histones, which influences gene transcription.
The treatment with the histone deacetylase inhibitor trichos-
tatin A has been shown to increase the acetylation of histones
and promote the transcription of GM-CSF in activated T cells
(26). In contrast, the treatment with trichostatin A followed
by TNF stimulation did not result in a synergistic effect as
seen with LT�R mAb priming (data not shown). In addition,
the histone acetyltransferase p300 was not recruited to the
promoter with LT�R mAb treatment, which suggested that
the chromatin remodeling seen with LT�R mAb priming
process does not involve histone acetylation. It is not known if
LT�R mAb priming process induces other histone modifica-
tions, such as phosphorylation or methylation, to boost TNF-
mediated Csf2 transcription. Defining the role of RelB in pro-
moting chromatin accessibility to the Csf2 promoter will be
pivotal in understanding the priming process.
In studies involving multiple cytokines, an autocrine or

paracrine relationship could be responsible for the observed
synergistic effect. It was conceivable that LT�R mAb priming
induced the expression of TNF or TNF receptor, which could
explain the synergistic response to TNF-mediated Csf2 ex-
pression. Although the amount of TNF or TNFR was not in-
vestigated, the response to the LT�R mAb priming process
was specific to Csf2 expression. The other TNF-responsive
genes such as Ccl2 and RelB were not affected by the LT�R
mAb priming process. This would argue against the possibil-
ity of LT�R mAb increasing the amount of TNF or TNFR
during the priming process. Nevertheless, the findings indi-
cated that neither an autocrine nor paracrine relationship
between TNF and LT�R signaling was responsible for the
synergistic effect on Csf2 expression. Moreover, these find-
ings underscore the complexity between the classical (TNF)
and alternative (LT�R) signaling pathways and their interac-
tions in regulating Csf2 expression.
Here we showed that the alternative NF-�B pathway influ-

ences the classical NF-�B pathway in a synergistic manner
with respect to Csf2 expression. The activation of lympho-
cytes results in the expression of TNF and LT�, and their re-
ceptors are found on macrophages and stromal fibroblast cells
(1, 33). In addition, TNF is soluble and secreted as a trimer
whereas LT� is cell membrane-bound (34). Furthermore, lack
of development of the secondary lymph node organs is the
phenotype seen in LT�R knock-out mice (35). It is conceiva-
ble that the interactions between these cell types are influ-
enced by soluble TNF and cell membrane-associated LT� in a
temporal and spatial manner to maintain the function of the
lymph node. Furthermore, because GM-CSF may act as an
immune adjuvant, it is possible that the synergistic relation-
ship between the alternative and classical NF-�B signaling
pathways could facilitate the generation of a robust immune
response when amounts of TNF and LT� are limiting.
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Chen, Y., Hu, Y., Fong, A., Sun, S. C., and Karin, M. (2001) Science 293,
1495–1499

32. Sakurai, H., Chiba, H., Miyoshi, H., Sugita, T., and Toriumi, W. (1999)
J. Biol. Chem. 274, 30353–30356

33. Vassalli, P. (1992) Annu. Rev. Immunol. 10, 411–452
34. Beutler, B., and Cerami, A. (1989) Annu. Rev. Immunol. 7, 625–655
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