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The IjB-inducing kinase (IKK) is composed of two cataly-

tic subunits, IKKa and IKKb, and a regulatory subunit,

IKKc. IKK-regulated signaling pathways are believed to

promote the proliferation of normal cells as well as the

aberrant proliferation of cancer cells. The molecular me-

chanisms linking the IKK signaling pathway components

to the cell cycle machinery are not entirely understood. To

study the function(s) of the catalytic subunits of the IKK

complex, we used pancreatic cancer cells, with constitu-

tive IKK activity. We show that the G1 phase of the cell

cycle is specifically regulated by the IKKa subunit, which

regulates the stability of the cyclin-dependent kinase

inhibitor p27Kip1. Increased p27Kip1 protein levels follow-

ing the transfection of IKKa-specific siRNAs are a result of

the downregulation of the F-box protein S-phase kinase-

associated protein 2 (skp2). Additionally, we demonstrate

that IKKa signaling regulates the transcription of the skp2

gene by controlling the composition of a RelB-containing

NF-jB complex. Together, this work defines a novel IKKa-
regulated growth pathway involving the p52/RelB-depen-

dent transcriptional regulation of the skp2 gene.
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Introduction

The IkB kinase (IKK) complex consists of at least three

subunits, IKKa and IKKb, which function as the catalytic

subunits, and IKKg, which functions as the regulatory sub-

unit (Yamamoto and Gaynor, 2004). Despite the structural

and biochemical similarities of the catalytic subunits IKKa
and IKKb, there are clear functional distinctions between

them. IKKb is the dominant kinase involved in transducing

pro-inflammatory signals, which lead to the phosphorylation

of the IkB proteins (Yamamoto and Gaynor, 2004). In con-

trast, IKKa provides the dominant kinase activity needed for

development of secondary lymphoid organs and B-cell devel-

opment by regulating the alternative NF-kB activation path-

way (Hayden and Ghosh, 2004). In this alternative NF-kB
pathway, an IKKa dimer phosphorylates the p52 precursor

NF-kB2/p100, leading to p100 processing and translocation

of RelB/p52 to the nucleus. In addition, IKKa has distinct

nuclear functions. For example, IKKa can modify chromatin

by phosphorylating Ser-10 of histone H3, thereby altering

gene expression at specific promoters (Anest et al, 2003,

2004; Yamamoto et al, 2003). Furthermore, IKKa can stimu-

late the exchange of corepressor for coactivator complexes on

chromatin (Hoberg et al, 2004).

Both IKK catalytic subunits are linked to the cell cycle

machinery and tumorigenesis. IKKa�/� fibroblasts have re-

duced levels of cyclin D1 (Albanese et al, 2003). Furthermore,

cyclin D1 is involved in a pathway including RANKL, RANK,

and IKKa that is essential for mammary epithelial cell prolif-

eration (Cao et al, 2001). However, the detailed molecular

mechanism(s) by which IKKa controls cell cycle progression

of cancer cells is unknown. An important role for IKKb in

inflammation-associated colon carcinogenesis was recently

demonstrated (Greten et al, 2004). Additionally, the negative

regulation of Foxo3a by the IKK complex contributes to the

proliferative control of mammary cancer cells (Hu et al, 2004).

Mammalian cell cycle progression is regulated by the

activities of protein complexes composed of cyclins and

cyclin-dependent kinases (CDKs). These complexes are

tightly controlled by a group of cyclin-dependent kinase

inhibitors (CKIs). The CKI p27Kip1 is a central regulator of

cell cycle progression. One major target of p27Kip1 is the

cyclin-dependent kinase 2 (CDK2) associated with a cyclin

coactivator. Overexpression of p27Kip1 leads to a cell cycle

arrest during G1 phase, whereas reduced expression of

p27Kip1 increases the number of cells in S phase. Unlike

other tumor suppressors, the p27Kip1gene is rarely found

mutated in tumor cells. Nevertheless, the contribution of

p27Kip1 to malignant transformation is well documented

(Bloom and Pagano, 2003). Multiple mechanisms control

p27Kip1 abundance and function. Although p27Kip1 mRNA

expression and translation are regulated, expression levels

are controlled primarily by post-translational modifications

that affect p27Kip1 protein stability (Reed, 2003; Lin and

Diehl, 2004). For example, phosphorylation of p27Kip1 on

Thr-187 by the cyclin E–CDK2 complex targets it for ubiqui-

tination and degradation by mediating its recognition by the

S-phase kinase-associated protein 2 (skp2), an F-box protein

that functions as a receptor component of the skp1/Cul1/F-

box (SCF) ubiquitin ligase complex. The variable F-box

component of the SCF complex serves as a molecular adaptor

between the E3 ligase components (skp1, CUL1, Rbx1) and

the target protein substrates. The prototypic SCF complex

contains the F-box protein skp2 and targets p27Kip1, p57Kip2,

p21WAF1, p130, CDT1, c-myc, SMAD4, and Foxo1 for ubiqui-

tin-dependent degradation (Nakayama and Nakayama,

2005).

To analyze the function of the individual catalytic subunits

IKKa and IKKb in cell cycle regulation, we used pancreatic
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cancer cell lines that have recently shown to display consti-

tutive IKK activity (Liptay et al, 2003). Using RNA interfer-

ence, we demonstrate a novel growth control mechanism

regulated specifically by IKKa and not IKKb. IKKa induces

skp2 gene transcription by regulating the composition of

a RelB-containing NF-kB complex at the proximal skp2 gene

promoter. This results in a decrease in p27Kip1 protein stabi-

lity, thereby contributing to the inactivation of the Rb-depen-

dent G1-phase cell cycle checkpoint.

Results

IKKa regulates G1-phase progression

Pancreatic cancer cells display constitutive IKK activity as

indicated by constitutive IkBa phosphorylation (Liptay et al,

2003; Li et al, 2004). To determine if IKKa and IKKb have

different effects on cell growth, we inhibited their expression

using RNA interference. As shown in Figure 1A, 48 h after

MiaPaCa2 cells were transfected with two specific siRNAs

directed against IKKa and two specific siRNAs directed

against IKKb, there is a significant reduction in IKKa and

IKKb protein abundance, respectively. IKKb expression was

not downregulated in IKKa siRNA-treated cells and IKKa
expression was not affected by IKKb siRNA treatment

(Figure 1A). The IKK complex has been shown to be involved

in cell cycle progression regulation. Therefore, we tested the

effect(s) of the knock-down of the IKK catalytic subunits on

proliferation as assayed by BrdU incorporation. IKKa knock-

down resulted in a significant reduction in BrdU incorpora-

tion (59.1 and 58.2% relative to controls), whereas the effect

of IKKb knock-down was negligible (Figure 1B). The IKKa
knock-down-mediated reduction in BrdU incorporation was

due to a G1-phase cell cycle arrest as determined by FACS of

propidium iodide-stained cells. Forty-eight hours post-trans-

fection, MiaPaCa2 cells containing IKKa-specific siRNAs dis-

played a significant increase in the G1 fraction (55.6% in

untransfected cells, 66.3% in IKKaþ 81 siRNA-transfected

cells, and 71.2% in IKKaþ 129 siRNA-transfected cells).

The increase in G1 phase was accompanied by a decrease

in S phase (13.8% in untransfected cells, 12.5% in IKKaþ 81

siRNA-transfected cells, and 6.6% in IKKaþ 129 siRNA-trans-

fected cells) and G2/M phase (22.5% in untransfected cells,

12.9% in IKKaþ 81 siRNA-transfected cells, and 11.3% in

IKKaþ 129 siRNA-transfected cells) (Figure 1C). In agree-

ment with the BrdU incorporation assay, no significant

change of cell cycle distribution was observed in scramble,

IKKbþ 81, or IKKbþ 591 siRNA-transfected cells. These data

demonstrate that IKKa regulates G1-phase progression.

Figure 1 Cell cycle regulation by IKK. (A) Western blots of IKKa and IKKb protein levels in MiaPaCa2 cells transfected with the indicated
siRNAs 48h post-transfection compared to untransfected or control siRNA-transfected cells. The membrane was stripped and probed for IKKb
(in IKKa siRNA-treated cells) or IKKa (in IKKb siRNA-treated cells) to control specificity. (B) BrdU incorporation in MiaPaCa2 cells 48 h post-
transfection with indicated siRNAs (Student’s t-test: *P¼ 0.002 and **P¼ 0.003 versus controls). (C) MiaPaCa2 cells were transfected with the
indicated siRNAs. At 48 h post-transfection, cells were stained with PI and cell cycle distribution was analyzed by FACS. The fraction of the cells
in G1, S, and G2/M phases is indicated (Student’s t-test: *P¼ 0.004 and **Po0.001 versus controls). (D) Apoptotic fraction of MiaPaca2 cells
48 h post-transfection with the indicated siRNAs using fluorescence microscopy following Hoechst stain.
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In contrast to the significant effect of IKKa on G1-phase

progression, IKKa knock-down resulted in only a slight

increase in apoptosis (Figure 1D).

IKKa regulates the G1-phase restriction point

independent of cyclin D1 mRNA and protein abundance

We next examined the molecular mechanism(s) responsible

for the G1-phase arrest induced by the knock-down of IKKa.

In other model systems, cyclin D1 functions downstream

of IKKa and NF-kB. As shown in Figure 2A, no significant

reduction in cyclin D1 protein levels was observed in either

IKKa siRNA or IKKb siRNA-transfected MiaPaCa2 cells after

48 h. In addition, cyclin D1 mRNA levels were not signifi-

cantly affected by the knock-down of the IKK catalytic sub-

units (Figure 2B). The G1-phase Rb-dependent restriction

point is functionally inactivated in pancreatic cancer cells

Figure 2 IKKa-mediated regulation of cell cycle proteins. (A) Western blot analysis of cyclin D1 protein levels 48 h post-transfection of
MiaPaCa2 cells with the indicated siRNAs. (B) Semiquantitative reverse transcriptase–PCR (RT–PCR) of cyclin D1 mRNA levels 48 h post-
transfection of MiaPaCa2 cells with the indicated siRNAs. Cyclophilin mRNA serves as control for mRNA quantification. (C) Western blot
analysis of p27Kip1, cyclin E, CDK2, and E2F1 protein levels 48 h post-transfection of MiaPaCa2 cells with the indicated siRNAs. (D) Western
blot analysis of Rb and p130 protein levels and phosphorylation status 48 h post-transfection of MiaPaCa2 cells with the indicated siRNAs.
Hyperphosphorylated proteins are denoted by ‘PP’. The Coomassie-stained membrane provides a control for equal protein loading.
(E) Immunocomplex CDK2 kinase assay 48h post-transfection of MiaPaCa2 cells with the indicated siRNAs. (F) Immunoprecipitation
of cyclin E (upper panel) and CDK2 (lower panel) 48 h post-transfection of MiaPaCa2 cells with the indicated siRNAs. Western blot analysis of
p27Kip1 association with the cyclin E/CDK2 complex.
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(Rozenblum et al, 1997). Rb protein mediates the exit from

G1 phase and is regulated by a complex coordination of CDKs

and CKIs, such as p27Kip1. This regulation is mediated by

changes in the net phosphorylation status of Rb, with the

hypophosphorylated form being active. We detected an upre-

gulation of p27Kip1 and cyclin E protein levels in IKKa siRNA-

transfected cells, whereas CDK2 and E2F1 abundance was

not altered (Figure 2C). Furthermore, Rb activation was

observed in those cells transfected with the IKKa-specific
siRNAs (Figure 2D). In contrast, we did not detect changes

in the phosphorylation status of Rb following transfection of

MiaPaCa2 cells with scrambled or IKKb-specific siRNAs.

Similarly, the Rb-related pocket protein p130 was activated

specifically in response to the knock-down of IKKa in these

cells (Figure 2D). In line with the observed hypophosphor-

ylation of Rb, we found a distinct reduced CDK2 kinase

activity after the IKKa knock-down (Figure 2E).

Furthermore, p27Kip1 was found to be complexed with the

cyclin E/CDK2 kinase only in the case of IKKa siRNA

transfection (Figure 2F). Taken together, these data suggest

that IKKa controls G1-phase progression via a p27Kip1- and

Rb-dependent mechanism.

p27Kip1 protein stability is regulated by IKKa
Transfection of IKKa-specific siRNAs does not change p27Kip1

mRNA levels in MiaPaCa2 cells (Figure 3A). To examine

p27Kip1 protein stability in IKKa siRNA-transfected cells, we

treated MiaPaCa2 cells 48 h post-transfection with the protein

synthesis inhibitor cycloheximide. In scrambled siRNA-trans-

fected cells, a rapid decrease in p27Kip1 protein levels was

observed, with a 50% reduction between 1 and 2h of

cycloheximide treatment. In contrast, p27Kip1 protein levels

were stabilized in MiaPaCa2 cells transfected with IKKa-
specific siRNAs (Figure 3B). Cyclin D1 protein levels did

not change over the time period investigated. These data

suggest that the upregulation of p27Kip1 protein levels follow-

ing IKKa knock-down is due to increased protein stability.

Figure 3 IKKa regulates p27Kip1 stability. (A) Semiquantitative RT–PCR of p27Kip1 mRNA levels 48 h post-transfection of MiaPaCa2 cells with
the indicated siRNAs. Cyclophilin mRNA serves as an internal control. (B) Determination of p27Kip1 degradation following transfection of
MiaPaCa2 cells with the indicated siRNAs. Forty-eight hours after transfection, cells were treated with cycloheximide (CHX) (50mg/ml) for 4 h.
Cyclin D1 was detected on the same membrane and controls loading and specificity. (C) Simultaneous knock-down of IKKa and p27Kip1.
Western blot analysis of IKKa and p27Kip1 protein levels 48 h post-transfection of MiaPaCa2 cells with the indicated siRNAs. (D) BrdU
incorporation after simultaneous knock-down of IKKa and p27Kip1. MiaPaCa2 cells were transfected as indicated. Forty-eight hours later, BrdU
incorporation was analyzed. (E) Western blot analysis of Rb and p130 protein levels after the simultaneous knock-down of IKKa and p27Kip1.
Hyperphosphorylated proteins are denoted by ‘PP’. The Coomassie-stained membrane serves as a control for equal protein loading.
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The increase of p27Kip1 protein levels is essential for

impaired proliferation following IKKa knock-down

To examine the consequences of p27Kip1 protein stabilization

by IKKa knock-down on the activation of the Rb-dependent

G1 checkpoint, we simultaneously transfected IKKa-specific
siRNAs and p27Kip1-specific siRNAs into MiaPaCa2 cells.

As shown in Figure 3C, the upregulation of p27Kip1 protein

following the knock-down of IKKa was completely repressed

by transfection of a p27Kip1-specific siRNA (Figure 3C). Also,

the simultaneous knock-down of p27Kip1 and IKKa rescued

the decreased BrdU incorporation observed in cells trans-

fected only with IKKa-specific siRNAs (Figure 3D). Next, we

examined whether the changes in the activation status of Rb

and p130 observed in response to IKKa knock-down were

also rescued by cotransfection of p27Kip1-specific siRNAs. As

shown in Figure 3E, the transfection of the IKKa-specific
siRNAs activates Rb as well as p130. When IKKa- and

p27Kip1-specific siRNAs were simultaneously transfected, Rb

and p130 activation was clearly reduced, a result consistent

with the rescue of proliferation as assayed by BrdU incor-

poration (Figure 3E). These data suggest that the upregula-

tion of p27Kip1 protein levels is essential for the observed

growth defect in IKKa siRNA-treated cells.

IKKa regulates skp2 protein and mRNA levels

The upregulation of cyclin E and p27Kip1 observed in

MiaPaCa2 cells transfected with IKKa-specific siRNAs is

similar to that observed in skp2-deficient cells (Nakayama

et al, 2000). Therefore, we examined skp2 protein and mRNA

levels in IKKa siRNA-transfected cells. Western blot analysis

revealed a significant reduction of skp2 protein in response

to IKKa knock-down (Figure 4A), which was not observed in

cells transfected with either scramble or IKKb-specific
siRNAs. The protein abundance of cul1 and Rbx1 was not

changed after the IKKa knock-down (Figure 4A). Next, using

quantitative real-time PCR, we examined skp2 mRNA levels

following the knock-down of the catalytic IKK subunits. As

shown in Figure 4B, a specific downregulation of skp2 mRNA

was observed only in IKKa siRNA-transfected MiaPaCa2 cells.

This skp2 mRNA downregulation was not observed in scram-

ble or IKKb siRNA-transfected cells. To determine whether

IKKa-mediated regulation of skp2 was specific to MiaPaCa2

cells, we transfected BxPc3, DanG, and PaTuII pancreatic

cancer cells with IKK-specific siRNAs. The knock-down of

the catalytic IKK subunits was confirmed by Western blot

analysis (Supplementary data 1). In all cell lines tested, a

clear downregulation of skp2 protein (Figure 4C) and mRNA

(Figure 4D) was detected in IKKa siRNA-treated cells. This

effect is specific for IKKa, as scramble or IKKb-specific
siRNAs did not downregulate skp2. Furthermore, in all cell

lines tested, transfection of the IKKa-specific siRNAs led to a

specific reduction in BrdU incorporation (Figure 4E). The

strongest IKKa siRNA-mediated downregulation of skp2 was

found in DanG cells, which displayed a reduction in BrdU

incorporation to approximately 40% (Figure 4E). No signifi-

cant reduction of BrdU incorporation was observed in BxPc3

or PaTuII cells transfected with IKKb-specific siRNAs. In

contrast, BrdU incorporation was reduced to approximately

70% in DanG cells following IKKb knock-down, suggesting a

mitogenic role for IKKb in these cells. Downregulation of the

skp2 protein levels following the transfection of IKKa-specific
siRNAs was also observed in HeLa cells as well as the

stomach adenocarcinoma cell line AGS (data not shown),

a finding that further supports the hypothesis that IKKa-
mediated regulation of skp2-p27Kip1 involves a general

growth regulatory pathway.

Skp2 bridges IKKa to p27Kip1

To compare the effects of IKKa and skp2 on cell cycle

regulation, we transfected MiaPaCa2 cells with skp2-specific

siRNAs and measured p27Kip1 and cyclin E protein levels

(Figure 5A). In skp2 siRNA-treated MiaPaCa2 cells, a clear

increase in p27Kip1 and cyclin E protein levels comparable

to that observed in IKKa siRNA-treated cells was seen

(Figure 5A). The upregulation of p27Kip1 in skp2 siRNA-

transfected cells led to a reduction in BrdU incorporation

(Figure 5B) and induced a G1-phase cell cycle arrest as

detected by FACS analysis (data not shown). To determine

whether IKKa inhibition-mediated upregulation of p27Kip1

was dependent on skp2, we stably transfected MiaPaCa2

with a murine HA-tagged skp2 expression vector. Transgene

expression was detected in the HA-skp2 clones 17 and 20

but not in the untransfected or pcDNA3-transfected clone

(Figure 5C). Overexpression of the skp2 transgene resulted

in reduced levels of p27Kip1 protein (Figure 5C). Next, we

transiently transfected cells stably expressing skp2 with IKKa-
specific siRNAs (Figure 5D). Using an antibody that recog-

nizes only human skp2, we detected a downregulation of

endogenous skp2 in the pcDNA3 clone 4, the HA-skp2 clone

17, and the HA-skp2 clone 20. However, transgenic murine

HA-tagged skp2 protein levels were unaffected following

transfection of IKKa siRNAs (Figure 5D). In control cells,

transfection of IKKa-specific siRNAs led to an upregulation

of p27Kip1, whereas no upregulation of p27Kip1 was detected

in the HA-skp2-overexpressing clones 17 and 20 (Figure 5D).

These data demonstrate that skp2 mediates the upregulation

of p27Kip1 in IKKa siRNA-transfected cells.

IKKa regulates transcription of the skp2 gene

To confirm that IKKa regulates transcription of the skp2 gene,

we inhibited mRNA synthesis by treating untransfected,

control siRNA-transfected, and IKKa siRNA-transfected

MiaPaCa2 cells with actinomycin D and measured skp2

mRNA levels over time. As shown in Figure 6A, no differ-

ences in skp2 mRNA stability were observed among these

cells by 4 h. The half-life of skp2 mRNA in these cells was

between 1.5 and 2 h, independent of IKKa expression. These

data suggest that IKKa regulates skp2 transcription. To verify

the IKKa-mediated transcriptional regulation of the skp2

gene, we performed Chromatin immunoprecipitation (ChIP)

assays. As shown in Figure 6B, the presence of RNA poly-

merase II at the transcriptional start site of the skp2 gene was

clearly diminished following knock-down of IKKa. In con-

trast, RNA polymerase II presence at the transcriptional start

of the c-Flip gene did not significantly change following

knock-down of IKKa. Furthermore, reduced Ser-10 phosphor-

ylation of histone H3 and decreased acetylation of histone H3

and histone H4 at the skp2 gene was detected following the

knock-down of IKKa, whereas the phosphorylation and acet-

ylation status of histones H3 and H4 were not significantly

altered at the c-Flip gene (Figure 6B). Together, these data

demonstrate that the transcription of the skp2 gene is

regulated by IKKa.
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RelB binds to the skp2 gene promoter and regulates its

transcription

To determine the contribution of NF-kB family members to

the regulation of skp2 expression, we transfected specific

siRNAs for RelA/p65, c-Rel, and RelB into MiaPaCa2 cells.

Western blot analysis was used to demonstrate the specific

knock-down of the respective proteins 48 h post-transfection

(Figure 7A). No skp2 expression changes were observed after

Figure 4 IKKa regulates skp2 protein and mRNA levels. (A) Western blot analysis of skp2, cul1, and Rbx1 protein levels 48 h post-transfection
of MiaPaCa2 cells with the indicated siRNAs. (B) Quantitative skp2 mRNA expression analysis. Total RNAwas prepared 48 h post-transfection
with the indicated siRNAs. mRNA levels were quantified using real-time PCR analysis and normalized to cyclophilin expression levels.
(C) Expression of skp2 protein after knock-down of the catalytic IKK subunits in BxPc3, DanG, and PaTuII cells. Western blot analysis of skp2
protein levels 48 h post-transfection of BxPc3, DanG, and PaTuII cells with the indicated siRNAs. (D) Quantitative skp2 mRNA expression
analysis after knock-down of the catalytic IKK subunits in BxPc3, DanG, and PaTuII cells. Total RNA was prepared 48 h post-transfection with
indicated siRNAs. mRNA levels were quantified using real-time PCR analysis and normalized to cyclophilin expression levels. (E) BrdU
incorporation of BxPc3, DanG, and PaTuII after knock-down of the catalytic IKK subunits (Student’s t-test: *P¼o0.001 versus controls).
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the knock-down of RelA/p65 and c-Rel, whereas a significant

reduction in skp2 protein expression was detected after

knock-down of RelB. Consistently, p27Kip1 was upregulated

following the RelB knock-down but was unaffected by the

knock-down of RelA/p65 or c-Rel (Figure 7A). Furthermore,

skp2 mRNA expression was specifically reduced (to 50.3%)

as compared to untreated controls following RelB knock-

down, whereas it was not significantly changed following

RelA/p65 or c-Rel knock-down (Figure 7B).

To determine if RelB knock-down causes impaired prolif-

eration, we examined BrdU incorporation and cell cycle

distribution. Following transfection of RelA/p65 siRNA,

c-Rel siRNA, or RelB siRNA, BrdU incorporation was reduced

to 73.7, 85, and 46.9%, respectively, relative to untreated

control cells (Figure 7C). Additionally, an increase of cells in

the G1 phase was observed following the knock-down of RelA/

p65 (68.1%) and RelB (82.8%) relative to untreated (56%) or

scramble treated (52.9%) controls, whereas no change was

observed following the c-Rel knock-down (Figure 7D).

To examine possible direct binding of RelB to the skp2

gene, we used ChIP assays. As shown in Figure 7E, direct

binding of RelB was observed at the proximal skp2 gene

promoter. In contrast, RelB binding was not observed at the

proximal promoter of c-Flip. Furthermore, RelB binding at the

skp2 gene promoter was diminished by transfection of RelB

siRNA (Figure 7E). Together, these data suggest that RelB-

mediated regulation of skp2 expression controls G1-phase

progression in pancreatic cancer cells.

IKKa regulates the exchange of p50/RelB for p52/RelB

at the skp2 gene promoter

To analyze the contribution of RelB to the downregulation of

skp2 following the knock-down of IKKa, we performed ChIP

assays. As shown in Figure 7F, we observed increased bind-

ing of RelB to the proximal skp2 gene promoter in response

to the knock-down of IKKa in MiaPaCa2 cells. No binding of

RelB was detected at the proximal promoter of the c-Flip gene.

RelB does not form homodimers, but rather only hetero-

dimerizes with p50 and p52 (Dobrzanski et al, 1994).

Therefore, skp2 gene promoter binding by p50 and p52

following the knock-down of IKKa was investigated using

ChIP assays. A decrease in the binding of p52 to the proximal

skp2 gene promoter was observed (Figure 7F). In contrast, we

detected a significant increase in p50 binding to the proximal

skp2 gene promoter following the knock-down of IKKa
(Figure 7F). Faint binding of RelA/p65 was found at the

proximal skp2 gene promoter, not regulated by IKKa
siRNAs. Neither p52 nor p50 binding was detected at the

proximal promoter of the c-Flip gene (Figure 7F). Similar

regulation was observed in DanG cells (data not shown). To

investigate p50 function after the IKKa knock-down, we

simultaneously transfected IKKa-specific siRNAs and p50-

specific siRNAs into MiaPaCa2 cells. As shown in

Figure 7G, the downregulation of skp2 after the transfection

of IKKa-specific siRNAs was rescued by the cotransfection

of IKKa- and p50-specific siRNAs. These results suggest

that IKKa regulates the exchange of a p50/RelB repressive

Figure 5 Skp2 mediates upregulation of p27Kip1 after knock-down of IKKa. (A) Western blot analysis of skp2, p27Kip1, and cyclin E protein
levels 48 h post-transfection of MiaPaCa2 cells with skp2-specific siRNAs. (B) BrdU incorporation of MiaPaCa2 cells after knock-down of skp2
(Student’s t-test: *P¼ 0.004 and **Po0.001 versus controls). (C) Western blot analysis of HA-skp2, skp2 (endogenous and murine
overexpressed), and p27Kip1 protein levels in MiaPaCa2 cells stably transfected with murine pcDNA3-HA-skp2 (clones 17 and 20) compared
to stably pcDNA3-transfected or untransfected cells. (D) Western blot analysis of HA-skp2, skp2 (endogenous), and p27Kip1 protein levels in
stably pcDNA3- or murine pcDNA3-HA-skp2- (clones 17 and 20) transfected MiaPaCa2 cells after knock-down of IKKa.
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complex for a p52/RelB activating complex at the skp2 gene

promoter.

Discussion

In the present study, we show that the G1 phase of the cell

cycle is regulated by IKKa, one of the two catalytic compo-

nents of the IkB kinase complex. We demonstrate that IKKa
regulates the stability of the CKI p27Kip1 protein and thereby

controls the Rb-dependent G1-phase checkpoint. Increased

levels of p27Kip1 following knock-down of IKKa are a result of

the downregulation of the F-box protein skp2. IKKa regulates

skp2 at the transcriptional level. Furthermore, we demon-

strate that IKKa controls the exchange of p50/RelB for a p52/

RelB dimer at the skp2 gene promoter.

Skp2, identified as a component of the cyclin A/CDK2

complex, is currently one of the best-characterized F-box

proteins. It functions as a receptor subunit for the SCF

ubiquitin E3 ligase. Skp2 controls the turnover of several

key cell cycle regulatory proteins, including p27Kip1

(Nakayama and Nakayama, 2005). Skp2 knockout mice

have a hypoproliferative phenotype and several severe cel-

lular defects, including nuclear enlargement, polyploidy, and

increased numbers of centromeres (Nakayama et al, 2000).

Consistent with the skp2 knockout mice phenotypes, we

found reduced skp2 expression and increased p27Kip1 and

cyclin E expression following knock-down of IKKa. Elevated
cyclin E levels in skp2�/� mouse embryonic fibroblasts and

hepatocytes do not increase CDK2 kinase activity because of

the contemporary accumulation of p27Kip1, a potent inhibitor

of CDK2 (Nakayama et al, 2000; Kossatz et al, 2004).

Immunoprecipitation of p27Kip1 with cyclin E/CDK2 com-

plexes and CDK2 kinase assay after the IKKa knock-down

suggest a similar mechanism compensating for the increased

cyclin E expression in our model system. Although biochem-

ical data demonstrate multiple targets of skp2, genetic evi-

dence suggests that p27Kip1 is the major downstream target of

skp2, as the skp2 knockout phenotype is almost completely

reverted in the p27Kip1/skp2 double knockout mice (Kossatz

et al, 2004; Nakayama et al, 2004). Correspondingly, we

found a rescue of the proliferative defect and Rb checkpoint

activation in the IKKa/p27Kip1 double knock-down cells.

Skp2 protein levels are low or undetectable in G0 and early

G1 phase and gradually increase during the progression of the

cell cycle into the S phase. This induction is due to transcrip-

tional activation of the skp2 gene and stabilization of the skp2

protein; the contribution of each of these regulatory mechan-

isms varies between different cell types (Zhang et al, 1995;

Wirbelauer et al, 2000; Carrano and Pagano, 2001; Imaki

et al, 2003; Bashir et al, 2004; Wei et al, 2004). In the early G1

phase, skp2 protein is degraded by the anaphase-promoting

complex/cyclosome containing cdh1 (APC/Ccdh1) (Bashir

et al, 2004; Wei et al, 2004). Protein levels of stably trans-

fected HA-tagged skp2 following IKKa knock-down are

unchanged. These data suggest that IKKa does not seem to

target skp2 protein stability. However, the discrepancy

between skp2 protein and mRNA levels observed after the

IKKa and RelB knock-down would argue for an additional

post-transcriptional mode of regulation.

Transcriptional regulation of the skp2 gene is not entirely

understood. The murine skp2 promoter was recently ana-

lyzed and demonstrated to bind the transcription factor GA-

binding protein in a cell cycle-dependent manner (Imaki et al,

2003). Furthermore, the transcription of skp2 was shown

to be regulated by a PI3 kinase-dependent pathway

(Mamillapalli et al, 2001). In addition, recent studies have

demonstrated that the Notch signaling pathway is linked to

skp2 gene transcription (Sarmento et al, 2005). The results

presented here demonstrate that skp2 is regulated at the

transcriptional level by IKKa. This conclusion is based on

the following observations: (1) skp2 protein and mRNA

levels are similarly reduced in IKKa siRNA-transfected

cells, (2) skp2 mRNA half-life is unchanged following IKKa

Figure 6 Transcriptional regulation of skp2 by IKKa. (A)
Determination of the skp2 mRNA half-life. MiaPaCa2 cells were
transfected with the indicated siRNAs or left as an untreated
control. Forty-eight hours post-transfection, cells were treated
with actinomycin D (5mM) for 4 h. Total mRNA was prepared
every hour and quantified using real-time PCR analysis. Skp2
mRNA levels of untreated controls were set to 100% and compared
with the skp2 mRNA levels following actinomycin D treatment.
(B) ChIP analysis of the skp2 gene. Chromatin of MiaPaCa2 cells
transfected with a control siRNA or two IKKa-specific siRNAs was
immunoprecipitated with an RNA polymerase II-specific antibody,
an anti-phospho-Ser-10-histone H3, an anti-acetyl-histone H3, an
anti-acetyl-histone H4, an b-actin, or no antibody as a negative
control. Precipitated DNA or 10% of the chromatin input was
amplified with gene-specific primers for skp2 or c-Flip.
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knock-down, and (3) binding of RNA-Pol II to the transcrip-

tional start site of the skp2 gene is decreased following IKKa
knock-down. Moreover, we show the hypoacetylation of

histone H3 and H4 at the skp2 gene 50 regulatory region in

cells treated with IKKa siRNAs.

IKKa, an essential component of the NF-kB pathway,

influences many aspects of normal and disease physiology

(Hayden and Ghosh, 2004). Two signaling pathways activate

the NF-kB pathway. The classical pathway, activated by TNFa
or IL-1b, leads to the phosphorylation and ubiquitin-depen-

dent degradation of NF-kB inhibitors IkBa and IkBb via the

IKK complex. The resulting free p50/p65 NF-kB subunits

translocate into the nucleus and activate transcription. In

contrast to classical inducers, lymphotoxin b, BAFF, and

CD40L activate the alternative pathway. In this pathway,

the IKKa signal results in p100 processing and translocation

of p52/RelB to the nucleus. RelB displays a dimerization

pattern unique to the NF-kB family. It does not homodimerize

or heterodimerize with c-Rel. When complexed with RelA/

p65, RelB is unable to bind DNA. It forms dimers with p100,

p52, and p50 and does not interact with classical IkB mole-

cules (Ryseck et al, 1992; Dobrzanski et al, 1994; Solan et al,

2002). RelB-containing complexes were shown to act as

both activators and repressors of NF-kB-dependent gene

Figure 7 IKKa-controlled RelB complexes bind to and regulate the skp2 gene. (A) Western blot analysis of RelA/p65, c-Rel, RelB, skp2, and
p27Kip1 protein levels 48 h post-transfection of MiaPaCa2 cells with RelA/p65-, c-Rel-, or RelB-specific siRNAs. (B) Quantitative skp2 mRNA
expression analysis after knock-down of RelA/p65, c-Rel, and RelB in MiaPaCa2 cells. Total RNAwas prepared 48 h post-transfection with the
indicated siRNAs. mRNA levels were quantified using real-time PCR analysis and normalized to cyclophilin expression levels. (C) BrdU
incorporation following the knock-down of RelA/p65, c-Rel, and RelB in MiaPaCa2 cells (Student’s t-test: *P¼ 0.001 and **Po0.001 versus
controls). (D) FACS analysis of cell cycle distribution. MiaPaCa2 cells were transfected with the indicated siRNAs. Forty-eight hours later, cells
were stained with PI and analyzed by FACS. The fraction of the cells in G1, S, and G2/M phases is indicated (Student’s t-test: *P¼ 0.005 and
**P¼ 0.002 versus controls). (E) ChIP analysis of the skp2 gene. Chromatin of MiaPaCa2 cells transfected with a control siRNA or RelB-specific
siRNAwas immunoprecipitated with a RelB-specific antibody or no antibody as a negative control. Precipitated DNA or 10% of the chromatin
input was amplified with gene-specific primers for skp2 or c-Flip. (F) ChIP analysis of the skp2 gene. Chromatin of MiaPaCa2 cells transfected
with a control siRNA or two IKKa-specific siRNAs was immunoprecipitated with RelB-, p52-, p50, or p65-specific antibodies or with a b-actin or
no antibody as negative controls. Precipitated DNA or 10% of the chromatin input was amplified with gene-specific primers for skp2 or c-Flip.
(G) Simultaneous knock-down of IKKa and p50. Western blot analysis of IKKa, p50, and skp2 protein levels 48 h post-transfection of MiaPaCa2
cells with the indicated siRNAs. (H) Illustration of skp2 transcriptional regulation by IKKa.
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transcription (Ruben et al, 1992; Bours et al, 1994; Suhasini

and Pilz, 1999; Marienfeld et al, 2003). Importantly, the

recruitment of RelB to the IL-12p40 promoter correlates

with transcriptional down-regulation, whereas the transcrip-

tion of ELC and MDC genes was induced by RelB (Saccani

et al, 2003). More recently, dimer exchange has been shown

to allow for the finely regulated expression of NF-kB respon-

sive genes in dendritic cells. Although RelB is inducible by

mitogenic stimulation and B cells of RelB knockout mice are

defective in proliferative responses, molecular pathways link-

ing RelB to the cell cycle machinery are not completely

understood (Ruben et al, 1992; Snapper et al, 1996). In our

cellular model, RelB clearly regulates the transcription of

skp2. We detected binding of p52/RelB dimers to the prox-

imal skp2 gene promoter in random cycling cells. Reducing

the binding of RelB to the skp2 gene promoter induced a

transcriptional downregulation of skp2, suggesting an acti-

vating function of the p52/RelB complex. After blocking IKKa
signaling using siRNAs, we found an exchange of p52/RelB

dimers for p50/RelB dimers at the skp2 gene promoter.

Because p50/RelB dimers were shown to possess repressive

functions and the IKKa knock-down downregulates skp2

transcription, the p50/RelB dimer likely represses the skp2

gene (Ruben et al, 1992). The incomplete rescue of the

skp2 downregulation by the cotransfection of IKKa- and

p50-specific siRNA is most likely owing to the incomplete

p50 knock-down. The model of IKKa-dependent regulation of

skp2 is illustrated in Figure 7H. Consistent with our data, the

human skp2 gene promoter was recently cloned and se-

quence analysis demonstrated NF-kB binding sites in the

proximal promoter (Zhang and Wang, 2006). The molecular

mechanism of RelB-dependent repression is unclear.

Although dimer exchange is exploited by the NF-kB system

to finely regulate or even shut down transcription, mechan-

isms driving dimer exchange are not well understood and

require further investigation (Natoli et al, 2005).

Recently, transcriptionally inactive complexes of RelA/p65

and RelB that prevent RelB DNA binding were described

(Marienfeld et al, 2003; Jacque et al, 2005). However, this

mechanism of regulation of RelB cannot account for the

observed regulation of skp2 in our model, as we observed a

significant increase of RelB binding to the skp2 gene promoter

following the IKKa knock-down. In line with the increased

binding of RelB to the skp2 gene promoter, we observed

no significant effect regarding p100 processing after the

IKKa knock-down in our model system (Supplementary

data 2).

In addition to the regulation of the alternative pathway,

nuclear functions of IKKa have recently been described.

Following TNFa and EGF stimulation, IKKa bound to the

promoters of NF-kB dependent genes like IkBa, IL-8, IL-6, or
c-Fos phosphorylates Ser-10 of histone H3, an event important

for the subsequent Lys-14 acetylation of histone H3 by the

histone acetyltransferase CBP (Anest et al, 2003, 2004;

Yamamoto et al, 2003). Although we observed reduced

phosphorylation of histone H3 Ser-10 at the 50 regulatory

region of the skp2 gene following the knock-down of IKKa,
we were unable to detect genomic sequences 1000 bp down-

stream of the skp2 transcriptional start by ChIP-assays using

several different IKKa-specific antibodies (data not shown).

This result argues against a direct Ser-10 histone H3 kinase

activity for IKKa at the skp2 locus.

Studies of IKKa-deficient fibroblasts and mice with kinase-

defective IKKaAA knock-in alleles have demonstrated that

IKKa controls cyclin D1 gene expression and G1-phase pro-

gression (Cao et al, 2001; Albanese et al, 2003). Additionally,

recent studies have demonstrated that the expression of

cyclin D1 in mammary gland development and carcinogen-

esis is regulated by a p52/RelB dimer (Demicco et al, 2005).

Furthermore, siRNA-mediated knock-down of IKKa in the

breast cancer cell line MCF7 results in a reduction of basal

and estradiol-induced cyclin D1 expression (Park et al, 2005).

We did not find significant regulation of cyclin D1 in our

cellular model. One possible explanation for this discrepancy

is that the activities of the remaining IKK complexes follow-

ing the knock-down of the individual catalytic subunits may

be capable of maintaining cyclin D1 expression. The cyclin D1

promoter was shown to bind p52/RelB-, p52/bcl3-, and p50/

p65-containing NF-kB complexes (Guttridge et al, 1999; Hinz

et al, 1999; Rocha et al, 2003; Demicco et al, 2005). Therefore,

the lack of deregulation of cyclin D1 following the knock-

down of IKKa may be owing to the compensatory regulation

of the cyclin D1 gene by the classical NF-kB pathway.

Consistent with this prediction, we detected impaired expres-

sion of cyclin D1 following the transfection of RelA/p65

siRNA in our model system (data not shown).

Overexpression of skp2 has been described in a large

number of human cancers. Furthermore, ectopic expression

of skp2 in mice leads to lymphomagenesis and low-grade

prostate cancer, demonstrating an oncogenic function of skp2

(Latres et al, 2001; Shim et al, 2003). Skp2 cooperates with

Ras to transform cells in vitro and in vivo (Gstaiger et al, 2001;

Latres et al, 2001). Our work serves to connect the oncogenic

and cell cycle regulatory functions of skp2 to IKKa and RelB.

Given the role of skp2 in tumorigenesis, our work describes

how the alternative NF-kB activation pathway may be con-

sidered as a potential target for tumor therapies.

Materials and methods

Cell culture and reagents
Pancreatic carcinoma cell lines were cultured as described
previously (Schneider et al, 2006). Cycloheximide and actinomycin
D (Sigma-Aldrich) were dissolved in ethanol and stored at �201C.

Stable transfection
For stable transfection, linearized plasmids were transfected using
FuGene6 (Roche Applied Science). Twenty-four hours post-transfec-
tion, cells were serial diluted and cultured in medium containing
1mg/ml Geneticin (Invitrogen). After 2 weeks, single clones were
picked, propagated, and analyzed for protein expression.

Statistical methods
All data were obtained from at least three independent experiments
performed in duplicate, and the results are presented as mean and
standard error of the mean (s.e.m.). To demonstrate statistical
significance, Student’s t-test was used in various experiments.
P-values are indicated in the figure legends.

siRNA transfection
Double-stranded siRNAs were transfected at a final concentration of
200 nM using oligofectamine (Invitrogen) essentially as described
(Schneider et al, 2006). For the simultaneous transfection of siRNAs
directed against two different genes, the total amount of siRNA
(400nM) was kept constant using scramble siRNA. siRNAs were
purchased from Ambion. Target sequences of the used siRNAs are
shown in Supplementary data 3.
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Plasmids
The murine HA-tagged skp2 expression vector was a generous gift
of Dr Nakayama (Nakayama et al, 2000).

Protein analysis
Whole-cell lysates were prepared andWestern blots were performed
as described (Schneider et al, 2006). For Western blot and
immunoprecipitation, the following antibodies were used: IKKa,
cyclin E, E2F1, cul1, Rbx1, CDK2, p65, RelB, c-Rel, p100, p105,
Oct1, a-tubulin (Santa Cruz Biotechnology), IKKb (Upstate), skp2
(Zymed), p27Kip1, Rb1, Rb2/p130 (BD Pharmingen), cyclin D1
(Oncogene Research Products), and b-actin (Sigma-Aldrich).
Proteins recognized by these antibodies were detected by the
Odyssey Infrared Imaging System (Licor) using Alexa680-coupled
(Molecular Probes) or IRDeye800-coupled (Rockland) secondary
antibodies. Immunocomplex kinase assay was carried out essen-
tially as recently described using histone H1 as a substrate (Roche
Applied Science) (Liptay et al, 2003).

Semiquantitative and quantitative RT–PCR
Total RNA was isolated from pancreatic carcinoma cell lines using
the RNeasy kit (Qiagen) according to the manufacturer’s instruc-
tions. One hundred nanograms of total RNA was used to perform
RT–PCR using the TaqMan Reverse Transcription reagents (Applied
Biosystems). Quantitative mRNA analysis was performed using
real-time PCR analysis as described previously (Schneider et al,
2002). Primer sequences are available upon request.

BrdU incorporation assay, apoptosis staining, and cell cycle
analysis
BrdU incorporation assays, Hoechst 33342 stains, and cell cycle
analysis were performed as described (Schneider et al, 2002, 2006).

ChIP assay
Standard protocol was used for ChIP assays (Saccani et al, 2003).
An equal amount of chromatin (50–100mg) was used for each
precipitation. The antibodies used were as follows: anti-RNA
polymerase II, anti-RelB, anti-p52, anti-p50, anti-p65 (Santa Cruz
Biotechnology), anti-acetyl-histone H3, anti-acetyl-histone H4, anti-
phospho-Ser-10-histone H3 (Upstate), and b-actin (Sigma). One-
twentieth of the precipitated chromatin was used for each PCR
reaction. To ensure linearity, 28–38 cycles were performed, and one
representative result is shown. Sequences of the promoter-specific
primers and a detailed experimental protocol are available upon
request.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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