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The transcription factor RelB is required for proper development and function of dendritic cells (DCs), and
its expression is upregulated early during differentiation from a variety of progenitors. We explored this
mechanism of upregulation in the KG1 cell line model of a DC progenitor and in the differentiation-resistant
KG1a subline. RelB expression is relatively higher in untreated KG1a cells but is upregulated only during
differentiation of KG1 by an early enhancement of transcriptional elongation, followed by an increase in
transcription initiation. Restoration of protein kinase C�II (PKC�II) expression in KG1a cells allows them to
differentiate into DCs. We show that PKC�II also downregulated constitutive expression of NF-�B in KG1a-
transfected cells and restores the upregulation of RelB during differentiation by increased transcriptional
initiation and elongation. The two mechanisms are independent and sensitive to PKC signaling levels. Con-
versely, RelB upregulation was inhibited in primary human monocytes where PKC�II expression was knocked
down by small interfering RNA targeting. Altogether, the data show that RelB expression during DC differ-
entiation is controlled by PKC�II-mediated regulation of transcriptional initiation and elongation.

Dendritic cells (DCs) constitute a heterogeneous population
of professional antigen-presenting cells with a unique role in
the activation of naive T lymphocytes and the establishment of
immunological tolerance and memory (2, 3). Their central role
as regulators of the immune response has led to the examina-
tion of the underlying intracellular signaling pathways and
gene expression that may regulate the differentiation of pre-
cursors into DCs (21, 60), most notably, the Rel/NF-�B family
of transcription factors (41, 61).

NF-�B exists in mammals as a homodimer or heterodimer of
the Rel proteins NF�B1 (p50/p105), NF�B2 (p52/p100), c-Rel,
RelA (p65), and RelB. The dimer can be sequestered in the
cytoplasm by the inhibitory I�Bs, which in the canonical acti-
vation pathway can be phosphorylated, ubiquitinated, and de-
graded by the proteasome to allow the nuclear translocation of
NF-�B and activate transcription (63). On the other hand, the
NF-�B2 precursor form p100 can inhibit directly the nuclear
translocation of heterodimers due to their I�B-like ankyrin
repeats and is activated by an alternative pathway that requires
the NF-�B-inducing kinase (NIK) and IKK� (62). In this path-
way, the bound precursor p100 is processed in a regulated
fashion to the p52 form to allow translocation to the nucleus.
The p105 subunit also contains I�B-like ankyrin repeats that
could sequester NF-�B dimers in the cytoplasm. However, its
processing to the p50 form is constitutive (22, 30).

Overexpression of I�B in mature DCs downregulates major
histocompatibility complex (MHC) class II; the costimulatory
molecules CD80, CD86, and CD40; and the proinflammatory

cytokine tumor necrosis factor alpha (TNF-�), indicating that
antigen presentation is dependent on NF-�B function (64).
Likewise, the inhibitory p100 precursor can act as a negative
regulator of DC function, and DCs of NF-�B2-deficient mice
show increased expression of MHC class II and costimulatory
molecules (51). The effects of individual NF-�B proteins in DC
development and function have been assessed in chimeric and
knockout mice. While these studies have shown the generation
of functional DCs in mice lacking individual p50, p52, RelA,
and c-Rel proteins, the combined deficiency of p50 and RelA
results in a severe defect in DC development, suggesting re-
dundant functions for NF-�B subunits (41). RelB, on the other
hand, is the transcription factor that has been associated most
directly with DC differentiation and function (9, 39, 40, 57–59,
61). RelB protein can be detected in human and mouse DCs,
with high expression in interdigitating DCs of the thymic me-
dulla and the deep cortex of lymph nodes (6). In addition, its
nuclear expression (as a p50/RelB heterodimer) is one of the
hallmarks of DC differentiation and correlates with the degree
of maturation, including the activation of the antigen-present-
ing capacity (9, 40, 43). As a result, RelB-deficient mice show
an impaired antigen-presenting cell function and cellular im-
munity, with a profound decrease in thymus and spleen DCs
(61). In addition, antigen-primed DCs with inhibited RelB
function were shown to lack typical costimulatory molecules
and generated antigen-specific regulatory T cells in vivo (36).
Recent studies have also shown that RelB promotes differen-
tiation into DCs, and its inhibition impairs monocyte-derived
DC development with no effect on other myeloid differentia-
tion pathways (44).

In contrast to other family members, RelB does not ho-
modimerize and forms heterodimers almost exclusively with
the p100, p52, and p50 proteins (14, 46). Furthermore, RelB
complexes are not bound by I�B, so RelB can only be inhibited
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in the cytoplasm by p100 (50) and RelB/p50 and RelB/p52
dimers are constitutively found in the nucleus. Therefore,
while NF-�B activity is typically regulated by posttranscrip-
tional events, RelB activity levels in cells expressing the con-
stitutive p50 and/or p52 proteins parallel increases in RelB
transcription (16, 25, 28, 55). The role of RelB in DC differ-
entiation and the fact that its upregulation is a very early event
in this process (39, 52) suggest that the mechanisms controlling
RelB transcription may play an integral role in the differenti-
ation from DC progenitors and in the determination of the
functional characteristics of the generated DCs.

Functional studies of the RelB enhancer-promoter region in
the HeLa, Jurkat, and BJAB cell lines have shown that the
gene is regulated at the level of transcription by two proximal
NF-�B binding sites. While a p50 homodimer binds to one of
the sites, the other is bound preferentially by heterodimers of
p50 and RelA or RelB to induce transcription (5). In addition,
potential vitamin D response elements have been identified in
the promoter region that may be responsible for a transcrip-
tional inhibition caused by active vitamin D3 analogs (15).
While these findings have characterized aspects of the regula-
tion of RelB expression, the regulatory mechanisms in the
context of DC differentiation remain largely undefined.

The intracellular signal transduction pathways that initiate
DC differentiation are only beginning to be characterized. Pri-
mary human CD34� hematopoietic progenitor cells (HPCs)
differentiate into DCs after treatment with the cytokines gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF) and
TNF-� (7). The GM-CSF receptor can associate through its
common beta chain with the receptor for activated C kinase 1
(RACK1) and recruit the activated beta II isoform of protein
kinase C (PKC�II) upon treatment with cytokines or the PKC
agonist phorbol 12-myristate 13-acetate (PMA) (17). Direct
activation of PKC by PMA treatment induces differentiation of
human CD34� HPCs exclusively into mature and functional
DCs, while PKC inhibitors can block the cytokine-driven dif-
ferentiation (52), further suggesting the involvement of PKC
signaling in the generation of DCs from primary progenitors.
We have previously established the human leukemic cell line
KG1 as an in vitro model of DC differentiation from CD34�

progenitors (13, 52). KG1 is a CD34� myeloblastic cell line
that expresses CD86 and MHC class II and, like CD34� pre-
cursor cells, can differentiate into DCs after treatment with
GM-CSF plus TNF-� or PMA alone. This model has been
used successfully by several groups to analyze features unique
to DCs such as antigen cross-presentation (1), DC differenti-
ation (20, 53), and maturation (29), as well as the regulation of
DC-specific molecules (49). A key aspect of the model is the
existence of the KG1a cell line originally isolated from KG1
that, despite being closely related to its parent cell line (37),
fails to differentiate into DCs under any known stimuli (52).
This contrasting outcome allows probing of the molecular
mechanisms driving DC differentiation.

We have used the KG1/KG1a models to investigate the
mechanisms that regulate relB gene expression very early dur-
ing DC differentiation. We have found that basal NF-�B pro-
tein expression is downregulated by PKC in resting cells, but
RelB levels are upregulated during differentiation from KG1
cells due to increased transcription initiation and elongation.
We have recently shown that the restoration of PKC�II ex-

pression in KG1a cells allows their differentiation into DCs
(P. J. Cejas et al., submitted for publication). Further analysis
of these PKC�II-transfected KG1a cells shows the restoration
of increased RelB transcription initiation and elongation dur-
ing differentiation and indicates that both mechanisms are
regulated by PKC�II, can act in an independent fashion, and
are sensitive to the levels of PKC activity.

MATERIALS AND METHODS

Cell culture. KG1 and KG1a cells were obtained from the American Type
Culture Collection (Manassas, VA) and cultured in Iscove’s modified Dulbecco’s
medium–20% fetal bovine serum–100 mM L-glutamine–100 mM penicillin-strep-
tomycin at 5 � 105 cells/ml as previously described (52). KG1a stable clones
�II-E9, -E11, -C10, and -D8 expressing different levels of PKC�II-enhanced
green fluorescent protein (EGFP) fusion protein and KG1a-neo control cells
(unpublished data) were cultured under the same conditions as KG1 and KG1a
cells plus Geneticin at 300 �g/ml. Cells were stimulated with PMA (10 ng/ml;
Sigma, St. Louis, MO) for the indicated times.

Confocal microscopy. KG1a cells were left untreated or treated with PMA (10
ng/ml) for 1 h, fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100 in 1% bovine serum albumin, and stained with an anti-PKC�II antibody
(c-18; Santa Cruz Biotechnology, Santa Cruz, CA). Cells were then stained with
fluorescein isothiocyanate-conjugated donkey anti-rabbit secondary antibody
(Jackson Immunoresearch, West Grove, PA). �II-E9 cells expressing the
PKC�II-EGFP fusion protein were treated or not with PMA (10 ng/ml) for 1 h.
Both KG1a and �II-E9 cells were imaged by confocal microscopy (Zeiss LSM-
510) for the fluorescent tag.

Northern blotting analyses. RNA was isolated from cells using the RNABee
method (Tel-Test, Friendswood, TX) to carry out Northern blotting experiments
as previously described (52). Briefly, 20 �g of total RNA/lane from unstimulated
and PMA-stimulated cells was separated in a formaldehyde-agarose gel, trans-
ferred to a nylon membrane (Hybond-N; Amersham, Aylesbury, United King-
dom) by capillary action, and hybridized to a radiolabeled probe corresponding
to exons 1 to 5 of RelB, generated by restriction digestion with AccI and EcoRI
of the full-length human RelB cDNA (kind gift from Ulrich Siebenlist, National
Institute of Allergy and Infectious Diseases, National Institutes of Health). Blots
were washed two times with 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)–0.1% sodium dodecyl sulfate (SDS) at 56°C before exposure to
a phosphorimaging screen (Imaging Screen-K; Bio-Rad, Hercules, CA) and
analysis with the Personal Molecular Imager FX System (Bio-Rad). RNA integ-
rity and equal loading were assessed after reprobing the blots with a human
full-length glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA radio-
labeled probe.

mRNA stability. Actinomycin D (10 �g/ml; Calbiochem, San Diego, CA) was
added to KG1 and KG1a cells that had been left untreated or treated with PMA
for 2 h. Aliquots were taken at different time intervals, and the levels of RelB
mRNA relative to GAPDH content at each time point were determined by
Northern blot analysis.

Western blot analyses. Protein lysates were generated after disrupting the cells
with RIPA buffer (0.1% SDS, 1.0% Triton X-100, 1.0% deoxycholate, 5 mM
EDTA, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 10 mM benzami-
dine, 2 �g/ml leupeptin, 100 �M sodium orthovanadate, 10 mM p-nitrophe-
nylphosphate, 10 mM Tris, pH 7.2). Ten micrograms of protein/lane was sepa-
rated on an 8% SDS-polyacrylamide gel and transferred to nitrocellulose
membranes. Blots were probed with antibodies against human RelB, p50, p52, or
RelA (Santa Cruz Biotechnology) and visualized by chemiluminescence detec-
tion (ECL; Amersham, Aylesbury, United Kingdom). Equal loading was con-
firmed after stripping the membranes with 0.5 M NaOH and probing with
anti-actin antibody (Sigma).

Cloning of the RelB promoter-enhancer reporter constructs. A 4.6-kb DNA
fragment containing the RelB promoter and extending from �4,646 bp to �46
bp from the start of translation was isolated from the LambdaFix human genomic
library (Stratagene, La Jolla, CA) using a probe that corresponds to exons 1 to
3 of the human RelB cDNA. The fragment was cloned in forward and reverse
orientations into the pGL2-basic vector (Promega, Madison, WI) to generate the
pGRelBF and pGRelBR constructs, respectively.

Functional analysis of reporter constructs. Before electroporation with the
Nucleofector system (Amaxa Biosystems, Cologne, Germany), all cells were
incubated for 24 h at a concentration of 0.5 � 106 cells/ml, with the exception of
�II-E9 cells, which were kept at 0.25 � 106 cells/ml. A total of 10 � 106 cells were
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resuspended in 100 �l of reagent V and mixed with 10 �g of the reporter
construct pGRelBF or pGRelBR plus 100 ng of the pRL-CMV plasmid (Pro-
mega) encoding Renilla luciferase to normalize for transfection efficiency. Cells
were pulsed at the T-01 setting, and after overnight incubation each transfection
experiment was split into two cultures of equal volumes. One of the cultures from
each set was left untreated, while the other was treated with PMA for an
additional 5 h (KG1 and KG1a cells) or 8 h (�II-E9 and KG1a-neo cells). Cells
were harvested, lysed, and assayed for luciferase activity using the Dual-Lucif-
erase Reporter Assay kit (Promega) according to the manufacturer’s instruc-
tions. The expression levels of Renilla luciferase were normalized between cell
lines by analysis of cells transfected with the pDsRed2-C1 plasmid (BD Bio-
sciences, Palo Alto, CA) plus pRL-CMV.

Gene microarray analyses. Total RNA was isolated from KG1 and KG1a cells
left untreated or treated with PMA for 2 h using the RNeasy kit (QIAGEN,
Valencia, CA). Double-stranded cDNA was synthesized from total RNA by
incubation with First Strand Synthesis kit reagents (Invitrogen, Carlsbad, CA)
and an oligo T7-(dT)24 primer, followed by incubation with Second Strand
Synthesis kit reagents (Invitrogen). Biotin-labeled cRNA was synthesized using
the BioArray HighYield RNA Transcript Labeling kit (T7) (Enzo Diagnostics,
Farmingdale, NY) and purified using the RNeasy kit (QIAGEN). The cRNAs
were fragmented prior to hybridization to HG-U133 Plus 2.0 chips (Affymetrix,
Santa Clara, CA), washed, antibody amplified, and stained as indicated in the
Affymetrix Technical Manual. Chip fluorescence was normalized prior to com-
parison using the Affymetrix GeneChip Operating System (Affymetrix) by scaling
each array to a common (trimmed) mean intensity of 500, and signal values were
clipped to a threshold value of 100. All probe set signal values for CLPTM1,
RelB, and SFRS16 were called present by the GeneChip Operating System
program.

Generation of RelB genomic probe constructs. All RelB genomic clone inserts
were obtained from restriction digestion of the bacterial artificial chromosome
clone RP11-91A12 (Children’s Hospital Oakland-BACPAC Resources, Oak-
land, CA) as follows: probe A (5� end), EcoRI plus HpaI, 2,397 bp; probe B
(exon 4), SpeI plus PvuII, 1,922 bp; probe C (exon 5), SacI plus XmaI, 2,706 bp;
probe D (3� end), ApoI plus PstI, 2,467 bp. Each fragment, together with a
290-bp �-actin probe generated by PCR, was cloned into the pBluescript SK (�)
and pBluescript SK II (�) vectors (Stratagene). The identities of all constructs
were confirmed after restriction enzyme digestion and DNA sequencing.

To generate the single-stranded DNA (ssDNA) probes for nuclear runoff
assays of KG1 and KG1a cells, all genomic clones were transformed into XL1-
Blue MRF� bacteria (Stratagene). Bacterial cultures were incubated with helper
phage R408 (Stratagene) at 5 � 107 PFU/ml before isolation of ssDNA using the
QIAprep Spin M13 Kit (QIAGEN). PKC�II is expressed in �II-E9 cells from the
pPKC�-EGFP vector, which has long regions of DNA that align with the pBlue-
script vector and results in unusually high background levels in the nuclear runoff
assays. To avoid this problem, we used purified double-stranded DNA (dsDNA)
clone inserts as hybridization probes in runoff assays from �II-E9 and KG1a-neo
cells. As a negative control, a short region of pBluescript that does not align with
the pPKC�-EGFP vector was employed. Probes were generated by restriction
digestion of the original constructs in pBluescript SK (�) as follows: probe A,
BamHI plus SalI, 1,771 bp; probe B, XbaI plus HindIII, 1,923 bp; probe C, NarI
plus SacI, 1,650 bp; probe D, NcoI, 1,710 bp. Each insert was gel purified before
spotting into nylon membranes.

PKC enzyme activity assay. PKC enzyme activity levels were determined using
the SignaTECT Assay System (Promega) according to the manufacturer’s in-
structions. Briefly, 7 � 106 cells each of KG1, KG1a, KG1a-neo, �II-E9, and
�II-E11 cells were homogenized in 25 mM Tris buffer (pH 7.4) containing 0.5
mM EDTA, 0.5 mM EGTA, 10 mM �-mercaptoethanol, 1 �g/ml leupeptin, 1
�g/ml aprotinin, and 50 �g/ml phenylmethylsulfonyl fluoride and purified
through a DEAE column. Same-volume aliquots of each sample were incubated
in a buffer containing calcium, peptide target, and [�-32P]ATP, and the reaction
was stopped with 7.5 M guanidine-HCl buffer. Each reaction was spotted onto
binding paper and quantified by scintillation counting. Signal values were nor-
malized to protein content and expressed relative to the activity of the undiluted
(1/1) KG1a-neo cell lysate. Enzyme activity levels in the cell membrane was
detected in a similar manner after isolating cell membrane fractions as previously
described.

Nuclear transcriptional runoff assays. Nuclear runoff experiments were car-
ried out following the standard protocols (31, 32). Briefly, nuclei isolated from
untreated and treated cells (50 � 106 each) were incubated at 30°C for 30 min in
the presence of ATP, CTP, and GTP (0.25 mM each, Promega) and 300 �Ci of
[32P]UTP (	3,000 Ci/mol; Perkin-Elmer, Boston, MA). After additional succes-
sive incubations with RQ1 DNase (Promega) and proteinase K (Sigma), nuclear
extracts were washed with phenol-chloroform, followed by precipitation and

purification of the RNA through a Sephadex G-50 column (Sigma). After an
additional precipitation, equal counts per minute of RNA were hybridized to
probes A, B, C, and D (10 �g/dsDNA probe, 5 �g/ssDNA probe) previously
spotted onto nylon membranes representing the 5�end, exon 4, exon 5, and the
3� end of the relB gene, respectively. Probes for �-actin and pBluescript were
including as loading and background controls. Signal intensities were detected by
densitometry after exposing the blots to phosphorimaging screens for 24 h.

siRNA transfection of primary human monocytes. Peripheral blood mononu-
clear cells were obtained from normal volunteers under University of Miami
Institutional Review Board-approved protocols and purified by discontinuous-
density centrifugation. Monocytes were freshly enriched by negative selection
using Miltenyi Biotec monocyte isolation kit II (Miltenyi Biotec). After purifi-
cation, CD14-positive cells were identified by staining with anti-CD14PE anti-
body (Immunotech). Enriched monocytes (10 � 106) were left untransfected or
nucleofected with 5 �g of either pEGFP-siEmpty or pEGFP-siPKC� plasmid
using a Human Monocyte Nucleofector Kit (Amaxa). The PKC� small interfer-
ing RNA (siRNA) is targeted against GGAAGCTGTGGCCATCTGC in PKC�
and is cloned into the pFRT-HIP plasmid, in which the EGFP-encoding gene is
coexpressed. The empty construct (siEmpty) is the same vector without the
PKC� siRNA. Two days after transfection (to allow knockdown of PKC� ex-
pression), monocytes were differentiated with 1,000 U/ml human grade GM-CSF
and 1,000 U/ml interleukin-4 (IL-4; R&D Systems) and total protein lysates were
made in RIPA buffer at 2 h post cytokine addition. Proteins were separated on
an 8% gel and immunoblotted with rabbit anti-RelB, mouse anti-PKC�II (both
from Santa Cruz), or rabbit anti-actin (Sigma) antibodies.

RESULTS

Regulation of RelB expression is different in KG1 and KG1a
cells. We first analyzed if the different abilities of KG1 and
KG1a cells to generate DCs were reflected in a different reg-
ulation of RelB expression in the immediate-early period of
PMA-induced differentiation. While RelB mRNA is readily
detected in both cell lines under unstimulated conditions, we
consistently observed a twofold greater amount of message in
KG1a than in KG1 cells by Northern blotting (Fig. 1A) and
gene array experiments (data not shown). RelB mRNA levels
are upregulated during PMA-induced differentiation of KG1
cells, reaching an eightfold maximal expression increase after
4 h of treatment (Fig. 1A, right side) and subsequently de-
crease to a near-constant level (threefold over untreated) until
the end of the 5 days of differentiation (data not shown). In
contrast, RelB levels in KG1a cells are only marginally altered
by PMA treatment (less than 1.5-fold increase) and remain
constant throughout the 5 days. RelB protein expression fol-
lows the early mRNA upregulation induced by PMA in KG1
cells, suggesting that the primary mechanism of regulation is
transcriptional (Fig. 1B).

We next determined if the increase in RelB mRNA was the
result of a regulatory mechanism affecting the whole genomic
locus or if this effect was restricted to RelB. In humans, the
relB gene is located in chromosome 19 flanked by the CLPTM1
gene in its 5� upstream region (with less than 10 kb of inter-
genic DNA) and by SFRS16 in its immediate 3� end (Fig. 1C).
The relative expression values for CLPTM1, RelB, and
SFRS16 were extracted from microarray data of KG1 and
KG1a cells both in unstimulated conditions and after stimula-
tion with PMA for 2 h. As shown in Fig. 1C, the mRNA levels
of the flanking genes CLPTM1 and SFRS16 remained unal-
tered after PKC activation in KG1 cells while RelB displayed
a threefold increase, suggesting that the PMA-induced upregu-
lation is specific for RelB and is not the result of a locus
regulatory mechanism. In KG1a, the expression levels of the
three genes remain largely unaltered after PMA treatment.
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FIG. 1. RelB is upregulated early in the differentiation of DC progenitor KG1 cells. (A) RelB mRNA content is lower in KG1 cells than in
KG1a cells, but it is soon upregulated after PMA treatment. KG1 and KG1a cells were stimulated with PMA (10 ng/ml), and RelB mRNA
expression levels were analyzed in a Northern blotting assay. The membrane was subsequently hybridized to a GAPDH cDNA probe to confirm
equal loading. Hybridization signals were quantified by phosphorimaging before normalizing the RelB mRNA content in each lane to the
respective GAPDH signal (right side). Values at the top of the bars indicate n-fold expression over untreated KG1 cells. Shown is one
representative result from at least three independent experiments. (B) RelB protein expression follows the regulation observed at the mRNA level.
Western blot analyses were performed on lysates of KG1 and KG1a cells stimulated with PMA (10 ng/ml) using an anti-RelB polyclonal antibody.
Shown is one representative result from at least three independent experiments. n.s. 
 nonspecific band. (C) Expression levels of RelB flanking
genes are not affected during PMA stimulation. The relB gene expands over �37 kb of DNA, and it is flanked by the CLPTM1 and SFRS16 genes
(CLPTM1 and SFRS16 are not represented in their entirety). Total RNA was isolated from KG1 and KG1a cells left untreated or stimulated with
PMA for 2 h for a global expression analysis using the Affymetrix HG-U133 Plus 2.0 array. All probe set signal values for the CLPTM1, relB, and
SFRS16 genes were called present by the GeneChip algorithm employed in the analysis. n-Fold induction in each cell line was determined by
dividing the signal values of each gene at 2 h by the respective values at 0 h.
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FIG. 2. Changes in RelB promoter activity do not correlate fully with the regulation of RelB in KG1 cells. (A) Cloning of the promoter-
containing RelB 5� genomic region into the pGL2-basic vector. A 4.6-kb DNA fragment containing the RelB promoter-enhancer region was cloned
into the pGL2-basic vector to drive the expression of luciferase (pGR4647). The pGR599 and pGR171 deletion constructs were generated by
restriction digestion of the original clone. The pGR4647R construct containing the 4.6-kb DNA fragment in reverse orientation was cloned as a
negative control. NF-�BI and -II indicate the two NF-�B-binding regulatory sites previously identified in the RelB promoter-enhancer region. Pol,
polymerase. (B) PMA treatment induces only twofold upregulation of the RelB promoter activity in KG1 cells. KG1 and KG1a cells were
transiently transfected with the reporter constructs containing the promoter-enhancer region of RelB. Renilla luciferase-encoding plasmid
pRL-CMV was cotransfected to allow normalization of transfection efficiency. After overnight incubation, cells were treated with PMA for 5 h
before assaying for luciferase activity. Relative light units (RLU) were determined by dividing the firefly luciferase activity by the respective Renilla
luciferase activity values. Values at the top of the bars indicate n-fold induction over untreated samples. The data represent the mean � the
standard deviation of triplicate measurements from a representative experiment of three. (C) RelB promoter activity correlates with the
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The differences in RelB regulation cannot be explained
solely on the basis of differences in promoter activity. Previous
studies have shown that RelB is transcriptionally regulated in
the HeLa, Jurkat, and BJAB cell lines by a TATA-less pro-
moter containing two NF-�B sites that positively regulate RelB
expression. RelA/p50 and RelB/p50 heterodimers bind to
these sites and enhance transcription initiation (5). To assess
whether RelB mRNA expression in DC differentiation is con-
trolled primarily by the regulation of promoter activity, we
generated three reporter constructs containing different-size
fragments of the 5� upstream region of the relB gene (Fig. 2A).
The pGR4647 and pGR599 constructs contain, respectively,
4.6 and 0.6 kb of DNA and include the two NF-�B-binding
cis-acting sites previously described. The pGR171 construct
contains less than 200 bp and lacks both NF-�B-binding sites
while retaining the RNA polymerase II core promoter. The
4.6-kb DNA fragment was also cloned in reverse orientation
for use as a negative control. Each reporter construct was
transfected into KG1 and KG1a cells to determine the lucif-
erase content in cells left untreated or after 5 h of PMA
treatment, using a Renilla luciferase-expressing vector to nor-
malize for transfection efficiency. As shown in Fig. 2B, the
pGR4647 and pGR599 constructs have similar transcriptional
activities in untreated KG1 cells (left side, open bars) while no
activity was detected for pGR171. After PMA stimulation,
activity levels increase approximately the same for the first two
constructs and remain undetected for pGR171 (closed bars).
Altogether, the data indicate that the cis-acting elements reg-
ulating transcription from the reporter constructs in unstimu-
lated and PMA-treated cells are contained in the region lo-
cated between 47 and 599 bp upstream of the RelB translation
start site. Interestingly, the twofold increase in luciferase ac-
tivity levels induced by PMA in pGR4647 and pGR599 is
significantly lower than the eightfold upregulation previously
seen in Northern blotting experiments. Incubation with PMA
for shorter (2 to 4 h) or longer (8 to 24 h) times resulted in
relatively lower luciferase activities. Any possible interference
in the assay from the transfection itself was ruled out by North-
ern blotting experiments that indicated no differences in the
levels and kinetics of RelB upregulation between transfected
and untransfected cells (data not shown). One possible expla-
nation for the discrepancy between promoter activity and
steady-state levels of RelB mRNA is the existence of other
mechanisms of gene regulation controlling RelB expression.

As in KG1 cells, we found no functional differences between
the pGR4647 and pGR599 constructs in untreated KG1a cells,
while the smaller pGR171 plasmid showed no transcriptional
activity (Fig. 2B, right side, open bars). In correlation with the
Northern blotting experiments, no significant luciferase activity
increase was observed after PMA treatment (closed bars).

To compare the activities of the reporter constructs between
cell lines, KG1 and KG1a cells were cotransfected with the
Renilla luciferase-expressing vector and a plasmid encoding

red fluorescent protein. The Renilla luciferase activity was de-
termined for each cell line and normalized to the respective
transfection efficiency as determined by flow cytometry. As
shown in Fig. 2C, the functional activity of pGR4647 is twofold
higher in KG1a than in KG1 untreated cells, matching the
relative steady-state levels of RelB mRNA found previously by
Northern blotting assays.

RelB expression is not regulated by alterations in mRNA
stability. To examine possible differences in RelB mRNA sta-
bility, we used actinomycin D to arrest transcription before and
after PMA stimulation of KG1 and KG1a cells. Culture ali-
quots were taken at different intervals, and the levels of RelB
and GAPDH mRNAs were determined in Northern blotting
experiments (Fig. 3A). As shown in Fig. 3B, these experiments
yielded similar RelB mRNA half-life values for PMA-treated
(2.5 h, solid line) and untreated (3.0 h, dashed line) KG1 cells.
In addition, the RelB mRNA half-life was the same in un-
treated KG1 and KG1a cells (Fig. 3C). These results indicate
that mRNA stabilization does not contribute to the upregula-
tion of RelB during differentiation of KG1 cells or to the
relatively higher RelB expression in KG1a over KG1 untreated
cells.

RelB transcriptional elongation is enhanced only in PMA-
treated KG1 cells. While not described for a member of the
NF-�B family, regulation of transcriptional elongation has
been established as an important regulatory mechanism for a
variety of mammalian genes such as c-myc (27), that for heat
shock protein hsp70 (11), and that for apolipoprotein A-I (33).
The human relB gene contains 12 exons within 36 kb of DNA,
with its longest intron extending over 3 kb between exons 4 and
5. To determine if RelB expression is additionally regulated by
changes in elongation efficiency, we performed nuclear tran-
scriptional runoff studies with KG1 and KG1a cells using four
ssDNA hybridization probes that expand over the 5� end, exon
4, exon 5, and the 3� end of the gene, respectively (Fig. 4A).
Radiolabeled nascent transcripts were isolated at 0 and 4 h
after PMA treatment of KG1 and KG1a cells and hybridized to
the membranes containing the probes. As shown in Fig. 4B, we
detected practically no hybridization signals with the sense
probes, indicating that no transcription was occurring in the
antisense direction. Results were also negative for both sense
and antisense probes of pBluescript, indicating no significant
contribution of the vector backbone to the hybridization signal
of the probes. Signal intensities for each probe were corrected
for thymidine composition and normalized to the �-actin con-
tent in the respective membrane. As quantified in Fig. 4C,
transcription rates (determined as polymerase density) in un-
treated KG1 cells dropped significantly from the 5� end of the
gene (probe A) to the 3� end (probe D), indicating a decrease
in elongation efficiency along the relB gene. No decrease was
detected, however, after stimulation of KG1 cells with PMA, as
all probes showed similar corrected signal intensities. Further-
more, and in agreement with the promoter studies, transcrip-

steady-state mRNA levels in untreated KG1 and KG1a cells. Standardized light units were determined by normalizing the relative light units from
the reporter constructs in untreated KG1 and KG1a cells to the relative cytomegalovirus promoter activity in both cell lines. The relative
cytomegalovirus promoter activities were determined by adjusting the Renilla luciferase activity values from the pRL-CMV plasmid to the
transfection efficiency as determined by flow cytometry after cotransfection with the pDsRed2-C1 vector. Data represent the mean � the standard
deviation of triplicate measurements from a representative experiment of three.
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tion initiation (determined by 5�-end probe values) had a
twofold average increase relative to �-actin following PMA
stimulation (Fig. 4D). Overall, there was an 11-fold increase in
the transcription rate of full-length RelB (determined by 3�-
end probe values) in KG1 cells stimulated with PMA, consis-
tent with the results from Northern blotting experiments. In
correlation also with the promoter studies, transcription initi-
ation in untreated KG1a cells was twofold higher than in KG1
cells and showed the same decrease in transcription efficiency
along the gene. However, the higher transcription initiation
rate resulted in higher levels of full-length RelB mRNA (Fig.

4C). In contrast to KG1, however, transcript elongation effi-
ciency was not relieved in KG1a cells after PMA stimulation
and, as expected, no increase was seen in transcription initia-
tion (Fig. 4D).

These results provide, to our knowledge, the first evidence of
regulation of transcriptional elongation as a controlling mech-
anism of gene expression for a member of the NF-�B family.
Additional nuclear runoff experiments indicated that the in-
crease in elongation efficiency in KG1 cells is an early event,
being detected as early as 2 h after PMA treatment, when
almost no increase in transcription initiation is observed (data

FIG. 3. RelB expression is not regulated by changes in mRNA stability. (A) Determination of RelB mRNA half-life in KG1, KG1a, and
PMA-treated KG1 cells. KG1 and KG1a cells left unstimulated or stimulated with PMA for 2 h were treated with actinomycin D to arrest
transcription before isolation of total RNA at the indicated time points. RelB and GAPDH transcripts were detected in Northern blotting assays
as previously described. (B) PMA treatment does not increase the RelB mRNA half-life in KG1 cells. Hybridization signals for the RelB and
GAPDH mRNAs were quantified by phosphorimaging in KG1 cells left untreated or treated with PMA for 2 h. Each lane was normalized for equal
loading by dividing the RelB content by the respective GAPDH signal and expressed relative to RelB content at 0 h for each condition. The mRNA
half-life was calculated by linear regression analysis to be 3.0 h and 2.5 h for untreated and PMA-treated KG1 cells, respectively. The dashed line
parallel to the x axis represents 50% mRNA decay. The data represent the mean � the standard error from two independent experiments. (C) RelB
mRNA half-life is the same in KG1 and KG1a untreated cells. A RelB mRNA half-life of 3.0 h was determined for untreated KG1a cells as
described for panel B. The data represent the mean � the standard error from two independent experiments.
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not shown). The differential abilities of KG1 and KG1a cells to
regulate transcript elongation early after PMA stimulation rep-
resent an additional mechanism responsible for the observed
upregulation of RelB in KG1 cells.

Inhibition of PKC�II expression inhibits RelB upregulation
in primary human monocytes. We have previously shown that
PMA treatment of primary human CD34� HPCs results in DC
differentiation with induction of RelB (13), suggesting a role
for PKC in the regulation of RelB expression. Similarly, the
inability of KG1a cells to upregulate RelB expression after
PMA stimulation could indicate a quantitative and/or qualita-

tive defect in PKC expression, the major target of phorbol
esters. In fact, in contrast to KG1 cells, KG1a cells do not
express the �II isoform of PKC (19) and we have found that
PKC�II-transfected KG1a cells regain the ability to differen-
tiate into DCs (Cejas et al., submitted). In this same study, we
have also found that PKC�II is the only cPKC isoform that is
clearly activated by DC differentiation stimuli in both primary
human DC progenitors (CD34� HPCs, monocytes) and trans-
formed myeloid cell lines. To assess whether PKC�II is spe-
cifically involved in RelB upregulation during DC differentia-
tion, we first targeted PKC�II by siRNA in primary human

FIG. 4. RelB upregulation in KG1 cells results from an increase in transcription initiation and elongation. (A) Cloning of RelB genomic probes
for nuclear transcriptional runoff assays. The relB gene contains 12 exons extended over 37 kb of DNA sequence. Exons 4 and 5 are separated in
the relB gene by 9.8 kb of intronic sequence. Hybridization probes A, B, C, and D were obtained by restriction digestion of bacterial artificial
chromosome clone RP11-91A12 and expand over the 5� end, exon 4, exon 5, and the 3� end of the relB gene, respectively. (B) Nuclear
transcriptional runoff assays. Nuclei were isolated from KG1 and KG1a cells left untreated or treated with PMA for 4 h. Nascent transcripts were
labeled in vitro with [�-32P]UTP and hybridized to the indicated sense (s) and antisense (as) ssDNA probes. (C) RelB transcriptional elongation
is enhanced exclusively in PMA-treated KG1 cells. Hybridization signals for each probe were quantified by phosphorimaging and corrected for
thymidine content. The resulting values were normalized against the respective actin intensities and expressed relative to the 3�-end probe value
in untreated KG1 cells. The graph shows representative results from one of three independent experiments. (D) PMA stimulation induces an
11-fold average upregulation in full RelB transcripts. Changes in n-fold expression were determined by dividing the signal intensity values of each
probe at 4 h by the corresponding values in untreated samples. The graph shows representative results from one of three independent experiments.

VOL. 25, 2005 REGULATION OF RelB EXPRESSION IN DC DIFFERENTIATION 7907



monocytes stimulated with GM-CSF plus IL-4 (at an immedi-
ate-early time point). As shown in Fig. 5, the purity of the
starting monocyte population was 85% (Fig. 5A), and the 45 to
55% transfection efficiency as measured by fluorescence-acti-
vated cell sorter (Fig. 5B) is likely an underestimation based on
inspection by fluorescent microscopy. Untreated monocytes
have low PKC�II expression (detectable on longer exposures
of the Western blots), while untransfected or empty-vector-
transfected monocytes cultured in GM-CSF plus IL-4 have
increased PKC�II expression (Fig. 5C). However, PKC�II ex-
pression is considerably less in the monocytes transfected with
siRNA against PKC�. This knockdown is mirrored by a similar

decrease in RelB induction in the siPKC�-transfected mono-
cytes under the cytokine culture conditions compared to the
untransfected or empty-vector-transfected cells. These findings
indicate that PKC�II plays an important role in RelB upregu-
lation during DC differentiation in primary human monocytes.

Restoration of PKC�II expression in KG1a cells induces a
pattern of RelB regulation similar to KG1 cells. We next
examined the regulation of RelB expression in PKC-�II-trans-
fected KG1a (as noted above, we have found that PKC�II-
transfected KG1a cells regain the ability to differentiate into
DCs) to more carefully examine the mechanisms by which
PKC�II modulates RelB expression. We analyzed the four

FIG. 5. Inhibition of PKC�II expression in primary human monocytes inhibits RelB upregulation in response to cytokine-induced DC
differentiation. (A) Monocytes were enriched from PBMC as described in Materials and Methods. CD14-positive cells are shown as an open
histogram and are overlaid with the isotype control (filled histogram). Percent CD14-positive cells is indicated. PE, phycoerythrin. (B) Enriched
monocytes were left untransfected or transfected with pEGFP-siEmpty or pEGFP-siPKC� constructs and analyzed for EGFP expression 2 days
after transfection by fluorescence-activated cell sorter. The data are illustrated as transfected monocytes (open histogram) overlaid with untrans-
fected monocyte controls (filled histogram). The percentage of cells expressing EGFP is indicated. FITC, fluorescein isothiocyanate. (C) Total cell
lysates were made from enriched monocytes prior to transfection, untransfected or transfected monocytes incubated for 2 days in medium alone,
and untransfected or transfected monocytes stimulated with GM-CSF plus IL-4 for 2 h, 2 days posttransfection. Proteins were separated by
SDS-polyacrylamide gel electrophoresis and analyzed for expression of PKC�II, RelB, and actin. The data shown are representative results from
one of two independent experiments.
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different single cell clones of KG1a-transfected cells, �II-E11,
-E9, -C10, and -D8, expressing various levels of the transfected
PKC�II-EGFP fusion protein as assessed by EGFP expression
(Fig. 6A). Overexpression of PKC�II in the transfectants re-
sults in a higher level of enzyme activity under unstimulated
conditions. As shown in Fig. 6B, unstimulated KG1 had more
kinase activity (approximately twofold higher) than KG1a or
KG1a-neo cells but at much lower levels than transfected
KG1a clones �II-E9 and �II-E11. In correlation with the re-
spective amounts of PKC�II-EGFP expression detected by
flow cytometry, �II-E9 cells show a higher level of enzyme
activity than �II-E11 cells. Full activation of PKC�II, however,
occurs only after translocation to the cell membrane and sta-
bilization of the activated form of the protein by binding to
diacylglycerol or diacylglycerol analogs like PMA. As shown in
Fig. 6C, the majority of PKC�II-EGFP is localized in the
cytosol of unstimulated �II-E9 cells, and full activation of the
enzyme with PMA results in localization of almost all PKC�II-
EGFP to the cell membrane. Correspondingly, PKC activity at
the membrane after PMA stimulation increased for KG1 and

�II-E9 cells, with no apparent change for KG1a-neo control
cells (Fig. 6D).

Western blot analysis show that, similar to KG1 cells, un-
treated PKC�II-transfected KG1a cells have lower levels of
RelB protein compared to KG1a-neo cells, with an early in-
crease after PMA treatment (Fig. 7A). These results suggest
that the different regulation of RelB expression in KG1 and
KG1a cells is a result of differences in the expression of PKC
isoforms between the two cell lines. Furthermore, the data
reveal a complex role for PKC in the control of RelB: the
PKC�II activity in transfected KG1a cells under unstimulated
conditions results in downregulation of RelB mRNA expres-
sion compared to cells with no PKC�II. However, full activa-
tion of PKC by PMA treatment leads to significant upregula-
tion of RelB levels.

RelB transcription is positively regulated by heterodimers of
p50 and the subunit RelA or RelB, so it is possible that the low
levels of RelB mRNA found in unstimulated PKC�II-trans-
fected cells is the result of downregulation of these transcrip-
tion factors. Consistent with this, Western blot analysis shows

FIG. 6. Generation of single cell clones of PKC�II-transfected KG1a cells expressing different levels of kinase expression. (A) Cell clones
�II-E11, -E9, -C10, and -D8 express different levels of PKC�II protein. Flow cytometry analysis of KG1a cell clones expressing different levels of
PKC�II-EGFP fusion protein. FITC, fluorescein isothiocyanate. (B) Untreated PKC�II-expressing KG1a cells have significant levels of PKC
enzyme activity. Total PKC activities were determined in KG1, KG1a, KG1a-neo, �II-E9, and �II-E11 untreated cell lysates by phosphorylation
of a PKC-specific peptide substrate. PKC values are normalized to total protein content and are expressed relative to the PKC activity in KG1a-neo
cells. The data represent the mean � the standard deviation from three independent experiments. (C) The PKC�II-EGFP fusion protein
translocates to the cell membrane after PMA stimulation. KG1a cells and �II-E9 cells were left untreated or treated with PMA (10 ng/ml) for 30
min. KG1a cells were stained for PKC�II using a fluorescein isothiocyanate-conjugated secondary antibody before visualization by confocal
microscopy. �II-E9 cells were visualized directly for the EGFP tag. (D) PKC enzyme activity at the cell membrane increases after PMA stimulation.
KG1, KG1a-neo, and �II-E9 cells were left unstimulated (open bars) or stimulated (closed bars) with PMA (10 ng/ml) for 45 min. Cell membrane
lysates were generated for all samples before determining PKC activity levels as explained for panel B.
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that all PKC�II-transfected KG1a cell clones have lower ex-
pression levels of RelA and p50 proteins compared to KG1a-
neo control cells (Fig. 7B). The downregulation is especially
dramatic for p50 and the longer isoform p105, as the expres-
sion levels are even lower than those found in KG1 cells. Both
KG1 and KG1a cells contain low levels of p100 and p52 pro-
teins. While p100 protein levels are even lower in PKC�II-
transfected cells, we did not detect downregulation of the ex-
pression of p52 protein.

PKC activation upregulates RelB expression in KG1 cells via
increased transcription initiation and elongation. To find out if
these mechanisms were restored in PKC�II-transfected KG1a
cells, we analyzed the molecular events leading to the upregu-
lation of RelB in the �II-E9 clone. Unstimulated �II-E9 cells
show a level of RelB protein expression even lower than those
found in KG1 cells. However, Northern blotting analysis
showed the same maximal increase in RelB mRNA expression
after PMA treatment in �II-E9 cells that was previously ob-

FIG. 7. Forced expression of PKC�II in KG1a cells results in a mode of RelB regulation similar to that of KG1 cells. (A) PKC�II-transfected
KG1a cells regulate RelB expression like KG1 cells. Protein lysates were generated for KG1a-neo, �II-E9, -D8, -C10, and -E11 cells stimulated
or not with PMA (10 ng/ml) for 4 h. RelB and actin protein expression was analyzed in Western blot assays as previously described. (B) NF-�B
protein expression is downregulated in PKC�II-transfected KG1a cells. Protein lysates were generated for KG1, KG1a-neo, �II-E9, -D8, -C10, and
-E11 untreated cells. Expression of the RelA, p105/p50, p100/p52, and actin proteins was analyzed in Western blot assays. (C) RelB mRNA
expression has a maximal ninefold upregulation in �II-E9 cells after PMA treatment. KG1a-neo and �II-E9 cells were stimulated with PMA (10
ng/ml) for the indicated times. RelB and GAPDH mRNA levels were determined in Northern blotting assays as previously described. The n-fold
increase was calculated after normalizing the RelB mRNA hybridization signals to the respective GAPDH content and dividing by the value
obtained at 0 h (right side). Only the maximal n-fold increase (8 h) is shown. The data represent the mean � the standard deviation from three
independent experiments.
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served for KG1 cells (eightfold), with only a slight delay in the
kinetics (4 h for KG1 versus 8 h for �II-E9) (Fig. 7C).

RelB transcriptional elongation efficiency is high in un-
stimulated �II-E9 cells; transcriptional initiation is upregu-
lated after PMA stimulation. To determine if the increase in
RelB expression in �II-E9 cells correlates with higher pro-
moter activity, we transfected the reporter constructs (de-
scribed in Fig. 2A) and assayed for luciferase activity in cells
both under unstimulated conditions and after 8 h of PMA
treatment. As shown for KG1 cells, the luciferase activity was
similar for the larger pGR4647 and pGR599 constructs in
unstimulated �II-E9 cells, while no activity was detected for
pGR171 (Fig. 8A, left side, open bars). However, PMA treat-
ment results in a sevenfold average increase in promoter ac-
tivity in �II-E9 cells (closed bars), which is in agreement with
the increase observed in mRNA at that same time point. We
detected no additional increase in luciferase activity at earlier
or later time points after PMA treatment. The results obtained
with KG1a-neo cells conform to those previously seen for
KG1a cells (Fig. 8A, right side). To determine if the lower
expression of the transcription factors p50 and RelA in un-
stimulated �II-E9 cells correlated with lower RelB promoter
activity, we normalized the Renilla luciferase activity levels as
described for KG1 and KG1a cells. As shown in Fig. 8B,
expression of PKC�II in �II-E9 cells results in a fivefold lower
promoter activity from the pGR4647 construct compared to
KG1a-neo control cells.

The results suggest that the levels of RelB expression in
unstimulated and PMA-stimulated �II-E9 cells can be ex-
plained solely on the basis of promoter activity, with no indi-
rect evidence for changes in elongation efficiency previously
seen in untreated KG1 cells. We next carried out nuclear
transcriptional runoff assays to directly assess the elongation
rates in �II-E9 cells and also to verify the relative levels of
transcription initiation suggested by the promoter activity assays.

Radiolabeled nascent transcripts were isolated at 0 and 8 h
after PMA treatment of �II-E9 and KG1a-neo cells and hy-
bridized to membranes containing probes A through D (de-
scribed in Fig. 4A). As shown in Fig. 8C, probes A through D
had a uniform level of hybridization signal in untreated �II-E9,
indicating no decrease in elongation efficiency. On the other
hand, unstimulated KG1a-neo control cells showed a stronger
signal for the 5� end of the gene (probe A) than for the 3� end
(probe D), demonstrating the same decrease in transcript elon-
gation efficiency seen in untransfected KG1a cells. Signal in-
tensities increased for all probes in �II-E9 cells after 8 h of
PMA treatment, with no change for KG1a-neo cells. As quan-
tified in Fig. 8D, RelB transcription initiation (measured as
polymerase density of the 5�-end probe) is fourfold lower in
�II-E9 cells than in KG1a-neo untreated cells, confirming the
results found in promoter activity experiments. On the other
hand, the decrease in transcript elongation observed in KG1a
and untreated KG1 cells does not occur in �II-E9 cells, as all
probes show similar corrected hybridization signal intensities
at 0 h. We have found that PKC�II overexpression in trans-
fected KG1a cells results in a partially differentiated DC phe-
notype characterized by the expression of surface markers typ-
ical of mature DCs such as CD80, CD86, CD40, and CD83
while still requiring phorbol ester stimulation to acquire DC
morphology and induce allogeneic T-cell proliferation (Cejas

et al., submitted). This semiactivated phenotype is reflected
also in the mechanism of RelB regulation, as �II-E9 cells show
high elongation efficiency but, at the same time, low levels of
transcript initiation. The transcription rate for probes A
through D increases by a sixfold average after PMA treatment
(Fig. 8E), very similar to the levels observed previously by
Northern blotting and promoter activity experiments. As in
untransfected KG1a cells, elongation efficiency decreases
along the RelB locus in KG1a-neo cells and is unaffected by
PMA treatment.

DISCUSSION

A considerable number of different DC progenitors have
been identified in humans and mice, as well as a variety of
stimuli capable of driving their differentiation (48). However,
relatively little is known about the early intracellular signaling
events that trigger the cascade of genetic events that underlies
DC differentiation. RelB is the transcription factor that has
been associated most directly with DC differentiation and mat-
uration, where it undergoes a very early but sustained upregu-
lation of its expression (39). New studies indicate that RelB
promotes the differentiation of DCs by enhancing monopoiesis
(44). However, RelB-expressing DC progenitors still require
treatment with cytokines like GM-CSF and TNF-� to generate
DCs, indicating the need for additional signaling events that
cooperate with RelB to induce DC differentiation. Different
from other NF-�B proteins, the p50/RelB dimer is not retained
in the cytosol; thus, its total expression level directly correlates
with the levels in the cell nucleus and therefore with its tran-
scriptional and biological activities (25, 28, 46). How relB gene
expression is regulated, however, is largely unknown. To fur-
ther understand the mechanisms controlling RelB expression
in the setting of DC differentiation, we compared how RelB is
regulated in the KG1 cell line model of a DC progenitor and
in KG1a, a subline that fails to undergo DC differentiation.

KG1 and KG1a were first recognized as two different sub-
lines by their different responses to PMA treatment (26). More
specifically, they differ in their PKC activity levels, transloca-
tion, and substrate phosphorylation, which can be traced, at
least partly, to a selective loss of PKC�II isoform expression in
KG1a cells (19). We have recently shown that restoration of
the enzyme expression in KG1a cells allows their differentia-
tion into DCs (Cejas et al., submitted), so we extended our
analysis to these PKC�II-transfected cells to analyze if their
new ability to differentiate into DCs was reflected in a change
in the mechanism regulating relB gene expression.

The data presented here show that RelB expression is con-
trolled by the combination of two mechanisms acting at the
transcriptional level: first, an NF-�B-mediated regulation of
promoter activity (both positive and negative) and second, the
regulation of transcript elongation along the RelB locus. We
found that while KG1 and KG1a cells under unstimulated
conditions have similar levels of transcript elongation effi-
ciency, the transcription initiation rate (determined by nuclear
runoff and promoter activity assays) is greater in KG1a cells,
resulting in larger amounts of full-length RelB mRNA and
increased RelB protein levels. When PKC�II expression is
restored in KG1a cells (as in �II-E9 cells), the transcription
initiation rate under unstimulated conditions drops, indicating
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FIG. 8. RelB transcription initiation in �II-E9 cells increases after PMA treatment and is not attenuated. (A) PMA treatment induces a
sevenfold upregulation of the RelB promoter activity in �II-E9 cells. �II-E9 and KG1a-neo cells were transiently transfected with reporter
constructs containing the promoter-enhancer region of RelB. Renilla luciferase-encoding plasmid pRL-CMV was cotransfected to allow normal-
ization of transfection efficiency. After overnight incubation, cells were treated with PMA for 8 h before assaying for luciferase activity. Relative
light units (RLU) were determined by dividing the firefly luciferase activity by the respective Renilla luciferase activity values. Values at the top
of the bars indicate n-fold induction over untreated samples. The graphs show representative results from one of three independent experiments.
(B) PKC�II expression results in downregulation of the RelB promoter activity in untreated �II-E9 cells. Standardized light units were determined
by normalizing the relative light units from the reporter constructs in untreated KG1a-neo and �II-E9 cells to the relative activity of the
cytomegalovirus promoter in both cell lines. The relative cytomegalovirus promoter activities were determined by adjusting the Renilla luciferase
activity values from the pRL-CMV plasmid to the transfection efficiency as determined by flow cytometry after cotransfection with the pDsRed2-C1
vector. (C) Nuclear transcriptional runoff assays. Nuclei were isolated from �II-E9 and KG1a-neo cells left untreated or treated with PMA for 8 h.
Nascent transcripts were labeled in vitro with [�-32P]UTP and hybridized to the indicated dsDNA probe inserts. (D) Untreated �II-E9 cells show
low transcription initiation rates and no decrease in RelB transcript elongation. Hybridization signals for each probe were quantified by
phosphorimaging and corrected for thymidine content. The resulting values were normalized against the respective actin intensities and expressed
relative to the average probe value in untreated �II-E9 cells. The graph shows representative results from two independent experiments. (E) PMA
stimulation induces a sixfold average upregulation in RelB transcription in �II-E9 cells. Changes (n-fold) in expression for each probe were
determined by dividing the signal intensity values at 8 h by the corresponding values in untreated samples. The graph shows representative results
from two independent experiments.
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a negative regulatory effect of intermediate levels of PKC ac-
tivity on RelB promoter function and suggesting that the lack
of this specific isoform is the cause of the higher transcription
initiation observed in KG1a cells. The downregulation of RelB
expression in the DC progenitor could be a requirement for
the differentiation process to occur. A similar phenomenon has
been described in chicken bone marrow cells expressing a
conditional v-Rel estrogen receptor fusion protein (4). These
studies found that, despite the requirement for c-Rel expres-
sion for proper DC differentiation, inactivation of the Rel
fusion protein was required first for the cells to differentiate
into DCs. The negative regulation of RelB promoter activity
observed in untreated cells is no longer seen after full activa-
tion of PKC. In fact, RelB transcription initiation increases in
PMA-stimulated KG1 and �II-E9 cells.

One possible explanation for these dual opposing effects on
transcription initiation could be the existence of negative and
positive regulatory elements in the relB promoter that are
directly and selectively activated in unstimulated versus stim-
ulated PKC�II-expressing cells. A similar mechanism has been
described for NF-�B2, which is autoregulated positively in
PMA-stimulated cells and negatively in unstimulated cells
(34). These studies revealed at least four �B elements in the
promoter that positively regulate promoter activity after PMA
activation and other negative regulatory elements acting in
untreated cells that overlap with a subset of the �B sites. In
addition, a nuclear complex was identified with a putative
inhibitory or repressive effect that binds to this subset of �B
elements in unstimulated cells and does not contain any NF-
�B1, NF-�B2, RelA, or c-Rel subunits. In the case of RelB,
vitamin D response elements have been identified in the pro-
moter that negatively regulate its activity after stimulation with
the steroid 1�,25-dihydroxyvitamin D3. The inhibition is inde-
pendent of the positive effect of NF-�B activity on RelB tran-
scription, and downregulation of this activity by glucocorticoid
treatment caused an additional decrease in the RelB promoter
function. The repression of basal gene transcription in an in-
activated state would allow the cells to maintain tight control of
NF-�B activity.

An alternative explanation is that intermediate levels of
PKC�II enzyme activity downregulate positive regulatory ele-
ments driving transcription from the relB promoter in un-
treated cells, followed by an increase in their activity after
PMA treatment. Consistent with this, we found a lower level of
expression of p50 and RelA proteins (which have been shown
to positively regulate RelB transcription) in KG1 than in KG1a
cells. More importantly, all the PKC�II-transfected KG1a
clones also demonstrated a decrease in the expression of both
NF-�B subunits. We have found no previous report of PKC-
mediated downregulation of NF-�B protein levels. Transcrip-
tion from the NF-�B1, NF-�B2, and relB promoters is posi-
tively regulated by NF-�B activity (5, 10, 35) while RelA
transcripts levels are regulated primarily through SP1-binding
sites in the promoter (56). Therefore, PKC-mediated down-
regulation of p50 and RelA expression would lead to a de-
crease in p50/p105, p52/p100, and RelB transcripts and further
diminish their steady-state expression levels. In effect, the
downregulation of p50/p105 and RelB protein levels in un-
treated PKC�II-transfected KG1a cells is more dramatic than
the drop in RelA protein expression. While the basal levels of

p52 protein are already low in KG1 and KG1a cells and are
basically unaffected in transfected KG1a cells, we detected a
downregulation of the levels of the precursor form p100, sug-
gesting also a decrease in transcription.

The ability of full PKC activation to induce NF-�B nuclear
activity is well established, as studies using PKC�-deficient
mice have shown that the enzyme has an essential role in the
phosphorylation and activation of IKK� (probably through
PKC-associated kinase PKK/RIP4) (38) and the immediate
activation of NF-�B (47). The translocation of NF-�B to the
nucleus subsequently induces RelB transcription in KG1 and
transfected KG1a cells to upregulate the expression levels re-
sponsible for long-term NF-�B activity.

We have found that RelB transcriptional elongation is en-
hanced in PMA-stimulated KG1 cells and, together with an
increase in transcription initiation, results in strong upregula-
tion of RelB mRNA and protein during early DC differentia-
tion. Full transcript elongation is an early event detected in
KG1 cells 2 h before the increase in transcription initiation.
The control of transcriptional elongation has not been de-
scribed before as a regulatory mechanism of NF-�B expres-
sion, although it has been characterized for several other mam-
malian genes, such as the proto-oncogenes c-myc (27) and
c-myb (42, 54), heat shock protein hsp70 (11), and apolipopro-
tein A-I (33). The exact mechanism regulating transcriptional
elongation can vary. Transcript attenuation (the regulated
elongation block at a specific site in the locus) has been de-
scribed in more detail close to the transcription start site (100
bp), and it is thought to be linked to promoter activity (27).
There are some examples of transcriptional attenuation occur-
ring at longer distances (even 	1 kb), but they have not been
studied yet in greater detail (33, 42, 54). Finally, transcription
activators can act by enhancing elongation efficiency rather
than initiation (18, 23).

Intrinsic elements in the DNA sequence can induce desta-
bilizing secondary conformations in the nascent RNA and re-
sult in polymerase II pause, arrest, or termination without
other intervening factors (24). In other studies, DNase hyper-
sensitivity sites have been mapped to the attenuation site,
together with DNA-binding proteins that presumably hinder
transcript elongation (12, 42), and the relief of attenuation
correlates with loss of hypersensitivity sites. Analysis of c-myb
regulation in murine erythroleukemia cells has shown that its
transcriptional attenuation is prevented by the expression of
functional RelB/p50 dimers and correlates with binding of the
complex to �B sites flanking the transcriptional pause site (42,
54). However, untreated KG1a cells contain nuclear p50/RelB
dimers, suggesting that RelB transcript attenuation is not au-
toregulated. PKC activity has also been implicated in the reg-
ulation of transcriptional attenuation. One example is the in-
creased elongation of c-myc transcription mediated by PKCε in
erythroid cells after erythropoietin stimulation (8). We have
not ruled out either transcriptional attenuation or elongation
as the additional mechanism regulating RelB expression. Our
results show a strong decrease in transcript elongation between
exons 4 and 5 of the relB gene, but more experiments are
required to determine if transcripts are blocked at a specific
site in the intron (attenuation) or if there is a gradual decline
in nascent transcripts throughout the locus. The presence of
more potent polymerase pause sites within exons 4 and 5 could
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explain why the decrease in elongation seems more dramatic at
this site.

To our surprise, �II-E9 cells show a semiactivated pheno-
type at the molecular level, and no decrease in transcript
elongation is detected under unstimulated conditions. A pos-
sible explanation is that the molecular events increasing the
efficiency of RNA polymerase elongation are triggered at in-
termediate levels of PKC activity, like those found in PKC�II-
overexpressing �II-E9 cells. Further evidence of the semi-
activated phenotype of resting �II-E9 cells (in addition to
upregulation of DC surface markers) is the expression of sev-
eral genes that are selectively transcribed during DC differen-
tiation of KG1 while remaining absent in PMA-stimulated
KG1a cells (Cejas et al., submitted).

Our initial findings using siRNA-mediated knockdown also
indicate that PKC� is important for RelB upregulation in
primary human monocytes, under culture conditions where the
DC differentiation stimuli are cytokines (GM-CSF and IL-4).

Although the siRNA used in our studies targets both the �I
and �II mRNAs (�I is the shorter, alternatively spliced mRNA
of the gene for PKC�), we have found in both primary human
monocytes and CD34� HPCs that only �II (and not �I) is
activated during DC differentiation stimulated by either PMA
or cytokines (GM-CSF, TNF-�, IL-4) (Cejas et al., submitted).
The PKC� knockdown data are also consistent with our find-
ings that PKC activation is a downstream signaling component
of cytokine-induced DC differentiation from both primary hu-
man CD34� HPCs (52) and monocytes (Cejas et al., submit-
ted) and that restoration of PKC�II expression reconstitutes
the ability of KG1a to differentiate to DC and with previous
studies demonstrating recruitment of PKC�II activation by the
activated GM-CSF receptor (17). Although our characteriza-
tion of PKC�II in DC differentiation is ongoing, we hypothe-
size that regulation of PKC�II expression in DC precursors by
exogenous factors may be one mechanism that determines the
immunologic function of the differentiated DC, in part due to

FIG. 9. PKC�II controls RelB expression by regulation of transcriptional initiation and elongation. KG1a cells actively initiate transcription
from the RelB promoter, but elongation is relatively inefficient. Basal PKC�II activity in untreated KG1 cells downregulates the promoter activity
with no increase in elongation efficiency, resulting in lower levels of full-length RelB transcripts. Increased expression (and enzyme activity) of
PKC�II in untreated �II-E9 cells enhances transcript elongation, but the stronger downregulation in transcriptional initiation results in even lower
levels of RelB mRNA. PMA-mediated activation of PKC�II results in an increase in promoter activity that combines with enhanced elongation
to upregulate RelB mRNA levels.
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the downstream effects on RelB expression. From a pathogen-
esis standpoint, the dual observations that certain intracellular
pathogens express molecules that inhibit PKC activation (e.g.,
lipophosphoglycan from Leishmania in monocytes/macro-
phages) and that inhibition of RelB upregulation generates
DC that induce antigen-specific Treg (36) suggest the possibility
that such pathogens might blunt the adaptive immune re-
sponse by infecting myeloid DC precursors to generate immu-
noregulatory DC.

Based on our data, we present a model for RelB regulation
during early DC differentiation (Fig. 9). KG1a cells with no
detectable PKC�II expression actively initiate transcription
from the relB promoter, but only a fraction of the nascent
transcripts can generate full-length RelB mRNA. Transcrip-
tion initiation in KG1 cells, which have low (basal) levels of
PKC�II activity, is lower due to a decrease in p50/RelA protein
expression. In addition, the relatively inefficient transcript
elongation in untreated KG1 cells results in further downregu-
lation of RelB expression. In contrast, the higher PKC activity
in PKC�II-overexpressing �II-E9 cells allows the full elonga-
tion of all generated transcripts to the 3� end of the gene.
However, the higher PKC activity also results in decreased
transcription initiation, which is ultimately responsible for the
observed low levels of RelB mRNA expression. When PKC is
fully activated (as in PMA-treated cells), transcriptional elon-
gation occurs uninterrupted but now combines with an in-
crease in transcription initiation (due to enhanced levels and
nuclear translocation of p50/RelA protein) to elevate the
amounts of RelB mRNA and protein.

The proposed model implies the existence of distinct signal-
ing pathways that are selectively triggered at different levels of
PKC signaling. Such a model is supported by studies that found
different thresholds of PKC activity required for lineage com-
mitment from a hematopoietic precursor cell line model (45).
It is also possible that the increases in transcript elongation and
initiation are not triggered by different thresholds of PKC�II
activity but rather by different locations of activated enzyme.
As previously shown, transfected KG1a cells express PKC�II
protein at high levels, so the concentration of activated kinase
in untreated cells (defined by Kact), although small, is much
higher than the basal levels found in untreated KG1 cells and
is not necessarily localized in the cell membrane. This level of
PKC signaling is sufficient to trigger molecular events that
result in the semiactivated phenotype of PKC�II-transfected
KG1a cells. However, full PKC activation by PMA treatment is
required for the increase in RelB transcription initiation and
differentiation, leading to higher PKC activity levels and local-
ization of the enzyme to the membrane.

The data presented here indicate that RelB expression, and
therefore its activity, is regulated in the context of DC differ-
entiation by transcriptional initiation and elongation. We also
provide evidence that the two mechanisms can act indepen-
dently, are regulated by PKC�II, and are sensitive to the levels
of kinase signaling. The action of two independent pathways
suggests how RelB expression can be finely and tightly regu-
lated during DC differentiation.
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