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Several lines of evidence suggest that tumor cells show elevated activity of the NF-kB transcription factor, a
phenomenon often resulting from constitutive activity of IkB kinase § (IKKf}). However, others have found
that loss of NF-«xB activity or IKKf} is tumor promoting. The role of NF-kB in tumor progression is therefore
controversial and varies with tumor type. We sought to more extensively investigate the role IKKf} in melanoma
tumor development by specifically disrupting Ikkb in melanocytes in an established mouse model of spontane-
ous melanoma, whereby HRasV!? is expressed in a melanocyte-specific, doxycycline-inducible manner in mice
null for the gene encoding the tumor suppressor inhibitor cyclin-dependent kinase 4/alternative reading frame
(Ink4a/Arf). Our results show that Ink4a/Arf”/~ mice with melanocyte-specific deletion of Ikkb were protected
from HRasV!%-initiated melanoma only when p53 was expressed. This protection was accompanied by cell cycle
arrest, with reduced cyclin-dependent kinase 2 (Cdk2), Cdk4, Aurora kinase A, and Aurora kinase B expression.
Increased p53-mediated apoptosis was also observed, with decreased expression of the antiapoptotic proteins
Bcl2 and survivin. Enhanced stabilization of p53 involved increased phosphorylation at Ser15 and reduced
phosphorylation of double minute 2 (Mdm?2) at Ser166. Together, our findings provide genetic and mechanistic

evidence that mutant HRas initiation of tumorigenesis requires Ikkf-mediated NF-kB activity.

Introduction

A germline mutation or deficiency in the gene that encodes inhibi-
tor cyclin-dependent kinase 4/alternative reading frame (Ink4a/
Arf), a tumor suppressor and inhibitor of the cell cycle, is fre-
quently observed in melanoma-prone families (1, 2). Within that
subgroup, the NRas gene mutation is found in 95% of primary
familial melanomas (3). Interestingly, the p16™k% protein acts as
an inhibitor of NF-kB/p65, while the Arf protein (p14*fin human,
p194Fin mouse) activates the pS3 tumor suppressor (4).

Human melanoma lesions that spontaneously arise where there
is no familial genetic predisposition often exhibit both loss of the
tumor suppressor INK4a/ARF and activating mutation in genes in
the RAS/RAF/MAPK pathway (http://www.sanger.ac.uk/genetics/
CGP/cosmic/; Catalogue of Somatic Mutations in Cancer) (5-9).
Without loss of the tumor suppressor INK4a/ARF or pS3, the
expression of a mutant NRAS or BRAF gene results in melanocyte
senescence (10). Expression of RAS or RAF oncogenes induces the
expression of inflammatory mediators, inhibitors of apoptosis,
and growth factors, many of which are regulated by the transcrip-
tion factor NF-kB (11-14).

There is growing evidence that tumor cells exhibit elevated NF-kB
activity, often due to constitutive IkB kinase (IKK) activity (15-18).
The IKK complex is mainly comprised of the catalytic subunits
IKKo/1, IKKf/2, and NF-kB essential modulator or IKKy/3 (19,
20). Several studies, including our own, show that IKK is a key
component in inflammation-based cancer progression (11, 12,17,
21-24). In contrast, for some cell types, loss of NF-kB activity or
IKKP is tumor promoting (25, 26), thus adding to the confusion
about the role of IKK and NF-B in tumor progression (27, 28).
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Interestingly, Aurora A kinase has been reported to regulate NF-kB
by phosphorylating IkB (29). Aurora kinases are involved in the
regulation of mitosis, and both Aurora A and Aurora B kinase are
often amplified in tumors (30, 31). Aurora A kinase is involved in
the maturation of the centromere and spindle orientation, while
Aurora B kinase is required for appropriate kinetochore func-
tion during chromosome condensation and cohesion, spindle
assembly, and bipolar attachment (32). Loss of either of these 2
kinases will result in cell cycle arrest, with loss of Aurora A causing
arrest at the G,/M transition point and loss of Aurora B disrupt-
ing anaphase and telophase (32, 33). Inhibiting Aurora A kinase
with RNAI or the inhibitor VE-465 (Merck) induces apoptosis in
multiple myeloma cells, showing amplification of Aurora A kinase
(34). Inhibiting Aurora A and Aurora B kinases with the inhibitor
CCT129202 causes tumor cells to accumulate with a greater than
4N DNA content and undergo apoptosis, reduces double minute
2 (MDM2) levels, and induces the stability of p53 and p21. Inhibi-
tion of these aurora kinases also results in hypo-phosphorylation
of RB, downregulation of thymidine kinase 1, reduced phosphory-
lation of histone H3, and increased cleavage of PARP (35).

When mutant HRas is expressed in melanocytes lacking Ink4a/
Arf, there is tumor progression to melanoma (21, 36). Here, we
show that a conditional knockout of Tkkb in Ink4a/Arfnull melano-
cytes expressing activated HRasV!2 inhibits Aurora A kinase-medi-
ated cell cycle progression and blocks melanoma tumor formation
in FVB mice. This work demonstrates for what we believe to be
the first time in a genetically modified mouse that Ikkp is a key
component in the development of melanoma. Moreover, we show
that ablation of Tkkf results in reduction in Aurora A kinase, inhi-
bition of G,/M transition, stabilization of p53, reduction in IL-6,
and increased apoptosis, demonstrating that Ikkf contributes to
tumorigenesis via mechanisms impacting cell cycle, apoptosis, and
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Figure 1

Generation of Ikkp knockout mice and characterization of Ikkp-depleted melanocytes of mice. (A) Ikkb" mice crossed with TetOn-Cre mice
resulted in the IkkbfTet0-Cre strain of mice. These mice were further interbred to obtain the additional genetic background of TetOn-Hras"'2, Ink4a/
Arf-, and melanocyte-specific Tyr-rtTA. These mice were named lkkb*2 mice, and their counterparts lacking TetOn-Cre were used as control
Ikkb"t mice. On refers to tetracycline/doxycycline-inducible expression of Cre and/or Hras"’? gene in the TetOn system. Off refers to absence
of Cre and/or Hras''2-inducible gene expression when tetracycline/doxycycline is absent. (B) E19 melanocytes isolated from lkkb*t and Ikkb/A
mice were treated with doxycycline (Dox) and stained with specific antibodies to Ikkp (green) or S-100 (red), and nuclei were counterstained
with Hoechst (blue). Original magnification, x40. (C) Expression of the indicated proteins and their phosphorylation status were analyzed by
immunoblotting, after the above cells were treated or not treated with doxycycline. Blot band densities from cultures treated with doxycycline
were quantitated and normalized to the blot band density from cells of the same genetic background without doxycycline-induced HRasV2
expression. The fold change (fold) represents the value of 3 independent experiments and was statistically analyzed. **P < 0.01. (D) Cellular
Ikk kinase activity (KA) was examined in vitro by monitoring phosphorylation of the GST-IkB (aa 1-54) substrate by the immunoprecipitated lkk
complex. 32P-labeled—lkba (32P-lkba) indicates phosphorylated GST-IkB (aa 1-54). Fold indicates the ratio of the immunoblotted protein band
density from the doxycycline-treated culture to the without doxycycline treatment control.
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cytokine signaling. These data support the concept that IKKp is a
potential therapeutic target for melanoma.

Results
Conditional knockout of melanocyte Ikkb in the HRas"?-induced melanoma
model. The mouse model of spontaneous melanoma induced by acti-
vation of HRasV'? in mice with an underlying Ink4a/Arf-deficient
background, developed by Chin et al. (36, 37), allowed us to analyze
the role of the NF-kB pathway in melanoma tumorigenesis. Ikkf} has
been recognized as a key mediator of the NF-«B signal transduction
pathway. To generate conditional IkkfB-deleted melanocytes in this
HRas"'2-induced melanoma model, we crossed FVB Ikkb/x (Ikkb/’f)
mice (38) with FVB TetO-Cre recombinase mice (39) to obtain the
Tkkb/fT0-Cre mouse strain. This strain was further inter-
bred with FVB mice carrying TetOn-Hras"'2 on an Ink4a/
Arfnull background (37) and the melanocyte tyrosi-
nase promoter/enhancer (Tyr) controlled tetracycline

Table 1
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Figure 2

Deletion of /kkb blocks HRasV'2-induced melanocyte transformation.
(A) The cumulative incidence of melanoma versus latency in the FVB
mice following doxycycline-induced the deletion of /kkb and/or expres-
sion of HRasV'2 was analyzed according to the method described by
Gray (80). Melanoma incidence among doxycyline-treated lkkb*! mice
reached 40% during 120 days compared with only 5% melanoma in
Ikkb®a mice treated with doxycycline. (B) Western blot analysis of
tumors from lkkb*t and lkkb~'A mice treated with doxycycline to induce
expression of mutant Ras and Cre recombinase. Tumor lysates from 3
tumors of either Ikkb*t or IkkbA~'* mice were subjected to Western blot
analysis and staining with antibody to murine Ikkp and Ikky. (C) Spon-
taneous amelanotic melanoma (arrow) arising in the ear. (D) Spontane-
ous amelanotic melanomas (arrows) in tail and back. (E) Spontaneous
amelanotic melanoma skin tumors (arrows) arising in the back skin. (F)
Spontaneous amelanotic melanoma skin tumors (arrows) in the anus.

To examine the efficiency of Cre/loxP-mediated deletion of Tkkb
(Ikkb™/* mice), melanocytes were isolated from mouse fetal skin at
E19, a time when a small population of melanocytes is distributed
in the skin. When the cultured melanocytes isolated from E19
embryos derived from Ikkb®* mice were treated with 1 pug/ml dox-
ycycline, the Ikkf subunit of the Ikk complex was reduced by over
90% in Tkkb™* melanocytes, as compared with that in melanocytes
not treated with doxycycline (Figure 1, B and C). The levels of the
Ikko and Tkky subunits in the Ikk complex remained unchanged
(Figure 1C), and the expression of HRasV!? mutant protein was
induced with doxycycline treatment (Figure 1, B and C). Cre-medi-
ated intracellular ITkkb deletion, resulting from exposure of the
cells to 1 ug/ml doxycycline for 4 days, decreased NF-kB signal
transduction, as shown by reduced p65 (Ser536) phosphorylation.
In contrast, there was only a slight change in phospho-Akt (Ser473)
(Figure 1C). To examine the potential Ikk activity induced by the
expression of HRas"!2 or reduced by Ikkb knockout in melanocytes,
the Ikkb" and Tkkb™* cells were treated with or without 1 ug/ml
doxycycline for 4 days, and Tkkb*/ cells were additionally stimu-
lated with 20 ng/ml of TNF-a. for 20 minutes prior to collection of
cells. The kinase activity of the immunoprecipitated Ikk complex
was determined, as described in Methods, using the glutathione-
S-transferase-IkB (GST-IkB) (aa 1-54) protein as a substrate. A
2.7-fold elevation of Ikk activity was observed when the HRas"12
protein expression was induced by doxycycline in Ikkb** mela-
nocytes (Figure 1D). In contrast, there was a 5-fold reduction in
TNF-a induction (20 ng/ml) of Tkk kinase activity when melano-
cytes were null for Tkkp but expressing HRas"!? (due to doxycy-
cline induction of TetO-Cre and Hras"’? in melanocytes expressing
Tyr-rtTA) (Figure 1D). The loss of Ikkf activity is likely respon-
sible for the ablation of the doxycycline-induced HRasV!2-medi-

IKK signature of melanoma tumorigenesis

reverse transcriptional activator (rtTA) (36). An outline

describing this mouse model is illustrated in Figure Genotype Cohort Melanoma

1A. Thus, the mice with Ikkb/:TetO-Cre:TyrrTATetOn- 'Kkb HRas"™ " Inkda/Arf size n - Incidence (%) Latency (d)

Hras"12:Ink4a/Arf”/~ genetic background were named ++ - /= 60 0 0 0

Ikkb™* mice, and their littermates lacking TetO-Cre ++ + - 60 28 a7 6420
—I- + —I- 65 3 4.6 7917

were named Ikkb** mice and used as a control group.

The multiple transgenic and knockout animals were
viable and developed normally into adulthood.
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AP < 0.01, lkkb¥ vs. Ikkb*t mice with the same other genetic background. The “n”
refers to the number of mice with melanoma tumors.
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ated signal transduction that leads to phosphorylation of p65
(Figure 1C). There is much less phosphorylation of IkBa by this
immunoprecipitated complex (Figure 1D, bottom panels) than is
observed when both Ikka and Ikkf are present in the immunopre-
cipitate (Figure 1D, top panels). These data are in agreement with
prior studies showing that Ikkf is more efficient at phosphorylat-
ing the GST-1-54 fragment of IkBo than Ikka (40). This mouse
model affords an efficient approach to analyze the role of Ikkf on
the NF-kB pathway involved in melanoma tumorigenesis.
Conditional deletion of Ikkb in melanocytes blocks HRas-induced mela-
noma tumorigenesis. To assess the role of Ikkf} in melanoma, we used
a doxycycline-inducible model, in which melanocytes with loss of
the tumor suppressor Ink4a/Arf are induced to express mutant
HRasV!? protein (37). Here, a cohort of 60 Ikkb** mice at 1 month
of age were treated with 1 mg/ml doxycycline in drinking water for
120 days. This resulted in 28 cases of melanoma (47% incidence),
with a latency of 64 + 20 days, whereas no skin lesions occurred in
the same genetic background of Ikkb** mice without doxycycline
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Figure 3

Distinct features of melanoma lesions. (A) Melanoma lesions aris-
ing on the tail were photographed. (B and C) Sections of mela-
noma (B) and nonmelanoma skin (C) were stained with H&E. (D-1)
Immunohistochemistry of factor VIII in melanoma tissue (D), S-100 in
melanoma section (E) and nonmelanoma skin (F), and Mart1 in mela-
noma section (G and H) and nonmelanoma skin (I). Note the thick-
ening of the epidermis over the cutaneous melanoma lesion at the
arrows. Original magpnification, x20 (numerical aperture, 0.5) (B and
C); x40 (numerical aperture, 1.0) (D-I).

induction (Figure 2A). To determine the impact of Ikkb knockout
on the HRas-initiated formation of melanoma, 65 Ikkb*A mice
were continuously treated with doxycycline (1 mg/ml in the drink-
ing water). The doxycycline induction of Cre-recombinase expres-
sion in melanocytes resulted in deletion of Ikkb in melanocytes.
The doxycycline treatment also resulted in the targeted expression
of HRas"!?2 in melanocytes. Moreover, when Ikkb was deleted by
this Cre/LoxP-mediated gene targeting, there was a 10-fold reduc-
tion in melanoma incidence (only 4.6%; P < 0.01), with a delayed
latency of 79 + 1.7 days (Table 1). Statistical analysis showed that
cumulative melanoma incidence was remarkably different between
IkkbA* and Ikkb** mice (Figure 2A). For the few tumors that did
form in the doxycycline treatment Ikkb** group, Western blot
analysis revealed that Ikkp expression was not different than that
observed in the Ikkb** group (Figure 2B). Doxycycline induction of
mutant HRas expression in FVB Ikkb** mice (no Cre-recombinase
expression) resulted in melanoma lesions located in the face (data
not shown) and ear, tail, back, and anus (Figure 2, C-F). Hair was
absent on the surface of all the melanoma tumors (Figure C-F). In
contrast, neither melanoma, nor skin lesions were observed in the
Ikkb"* or Tkkb*/* mice without doxycycline in the drinking water.

Of note, melanocyte-specific deletion of Ikkb did not prevent
formation of angiosarcoma lesions induced by loss of Ink4a/Arf
(Supplemental Results, Supplemental Table 1, and Supplemen-
tal Figure 1, A-C; supplemental material available online with
this article; doi:10.1172/JCI42358DS1). Histological analysis of
the melanoma lesions that arose in the doxycycline-treated Ikkb**
mice indicated that the hair follicle structure was replaced with
tumor cells, suggesting melanoma arose in the melanocyte-rich
hair follicle (Figure 3B). In contrast, the skin of the Ikkb»* mice
was normal (Figure 3C). The spontaneous melanoma lesions
were distinguished from angiosarcoma lesions by the absence of
immunohistochemical (IHC) staining in the tumor proper with
antibody to factor VIII, while the blood vessels were factor VIII
positive (Figure 3D), and the tumor cells exhibited positive IHC
staining with S-100 (Figure 3E), indicating that they were of neural
crest origin. Since both melanoma cells and normal melanocytes
(Figure 3F) show a positive reaction with S-100, the expression
of a melanoma-specific marker, melanoma antigen recognized
by T cells (Mart1), was examined to distinguish the transformed
melanocytes (or melanoma cells) (Figure 3, G and H) from normal
melanocytes that were negative for Mart1 (Figure 3I).

Knockout of IkkD initiates apoptosis. To analyze the mechanism by
which conditional deletion of Ikkb in melanocytes resulted in
blockage of HRasV!2-induced melanoma formation, the E19 mela-
nocytes from Ikkb*/* and Ikkb** mice were cultured in 1 ug/ml
doxycycline, which induced HRasV!2 protein expression and greatly
reduced expression of Ikkf. After 4 days of treatment with doxy-
cycline (1 pg/ml), cells were lysed and subjected to Western blot
Volume 120
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Figure 4

Deletion of Ikkb promotes apoptosis. (A) E19 melanocytes cultured with or without doxycycline were subjected to apoptosis analysis by Annexin V.
(B) Expression of the indicated proteins in melanocytes cultured with or without doxycycline-induced /kkb deletion and/or HRas"12 expression
were analyzed by immunoblotting, using specific antibodies. Immunoblot of 3-actin was used as a loading control. Protein expression was quan-
titated and normalized to that of the same genetic background cells, without doxycycline-induced HRas"12 expression. Mean + SD represents
3 independent experiments statistically analyzed between lkkb*t and Ikkb¥ cells with HRasV'2 expression. (C) Western blot of p53 expression
in Ikkb¥ E19 melanocytes stably expressing lentiviral sShRNA p53 or shRNA control. The expression of p53 protein in cells with p53 knockdown
(9.6%) is shown in comparison with that (100%) of shRNA control—expressing cells. (D) E19 melanocytes with shRNA-mediated p53 knockdown
and/or doxycycline-induced lkkb knockout were subjected to Annexin V apoptosis analysis. shRNA-mediated p53 knockdown significantly
reduced apoptosis in cells null for Ikkb (P < 0.01). (E) lkkb*2 and Ikkb*t E19 melanocytes were treated with or without doxycycline, and p53
mRNA levels were examined using RT-PCR. There was no significant change in p53 mRNA level upon deletion of lkkb. (F) Phosphorylation of
p53 (S15) and the expression of p53 protein in Ikkb¥* and Ikkb*t E19 melanocyte lysates were immunoblotted with phospho-p53 (S15 antibody),
and the band density is reported as the ratio between cells treated with versus without doxycycline. (G) The phosphorylation status of Mdm2
(S166) was determined by immunoblot with the $-actin—loading control. There was significant reduction of Mdm2 phosphorylation following the

deletion of /kkb (P < 0.05). *P < 0.05, **P < 0.01.

analysis to examine the expression of apoptotic proteins. With
doxycycline induction of Hras"? and Cre-mediated deletion of the
floxed Ikkb in melanocytes, there was increased apoptosis based
upon analysis of annexin V staining (Figure 4A). This was accom-
panied by increased expression of p53 and p21 and cleavage of cas-
pase-3 and an attenuated expression of Bcl-2 (Figure 4B). These
data suggest that loss of Ikkf results in initiation of apoptosis
through induction of p53, p21, and caspase-3, thus conferring a
“braking” effect on melanoma development. To test this possibil-
ity, we first targeted p53 using lentiviral infection and selection
of cells stably expressing shRNA targeting pS3 in Ikkb** melano-
cytes. The p53 protein was knocked down approximately 90% in
melanocytes (Figure 4C), and this resulted in significant impair-
ment of apoptosis associated with Ikkb deletion (Figure 4D). Thus,
pS3 expression is essential for IkkB-mediated apoptosis. To find
the mechanism of the Ikkp-p53 signal interaction, we examined
whether Ikk transcriptionally regulates pS3 in melanocytes. The
mRNA levels of p53 were analyzed by RT-PCR (Figure 4E) and real-
time RT-PCR (Supplemental Figure 3). We observed that the p53
mRNA level was not affected by Ikkf knockout, suggesting that the
accumulation of p53 protein in the Ikkp-null cells was not due to
enhanced transcription. MDM2, a p53-specific E3 ubiquitin ligase,
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binds p53 and regulates its turnover. The p53-MDM2 binding is
negatively regulated by phosphorylation of p53 at Serl5 (41). To
determine whether loss of Ikkf might affect the phosphorylation
of p53 at Serl1S, lysates of Ikkb** and Ikkb™* melanocytes, with or
without doxycycline induction of mutant HRas expression, were
probed with phospho-antibody specific for p53 phosphorylated
on Ser15 (pSer15) in Western blot. Results show hyperphosphory-
lation of pS3 (Ser15) in Ikkb*/2 cells (Figure 4F). Only low levels
of p53 were present in Ikkb** cells, and there was no detection of
phospho-pS3 (Ser15) in the Western blot of lysates of these cells.
Moreover, expression of HRasV!? in Ikkb** melanocytes resulted
in reduced expression of p53 without detection of phospho-p53
(pSer15). Shieh et al. have demonstrated that phosphorylation of
pS3 at SerlS impairs the ability of MDM2 to bind p53, contrib-
uting to the accumulation and functional activation of p53 (41).
However, it remains unclear how loss of Ikkf enhances the phos-
phorylation of p53 in melanocytes.

Phosphorylation of Mdm?2 at serine 166 has been shown to
increase its ubiquitin ligase activity and enhance p53 degrada-
tion (42). When we examined the Ser166 phosphorylation of
Mdm2, using Western blot analysis of melanocytes treated or
not treated with doxycycline to induce expression of HRasV!?,
Volume 120 Number 7
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we observed that pSer166-Mdm?2 levels were greatly reduced in
Ikkb™A melanocytes treated with doxycycline (Figure 4G), but
doxycycline-induced expression of HRas"!?2 did not alter Mdm?2
Ser166 phosphorylation in Ikkb** cells. Real-time RT-PCR analysis
demonstrated that the effects on p53 and Mdm2 protein expres-
sion associated with doxycycline-induced deletion of Ikkf} were
not due to changes in mRNA levels. Moreover, an NF-kB binding
sequence (GGGRNNYYCC) was not found in the Mdm2 promoter,
upon analysis of transcriptional factor databases (UCSC Genome
Bioinformatics Site, http://www.genome.ucsc.edu/; BioInformat-
ics and Molecular Analysis Section, http://www-bimas.cit.nih.
gov/molbio/proscan/). Thus, our data suggest that Ikkf likely
keeps the level of Ser166 phosphorylated Mdm2 at steady state
when oncogenic mutant HRasV!? is expressed, thus contributing
to p53 degradation and escape from apoptosis. By targeting Ikkf,
this steady state is perturbed, p53 is stabilized, and melanocytes
exhibit increased apoptosis.

Melanocytes null for Ikkb undergo cell cycle arrest. To determine the
impact of Tkkb deletion on cell cycle in the melanocytes described
above, cells were synchronized with a double-thymidine block for
18 hours, followed by release for 10 hours, and then cells were cul-
tured in serum containing medium with or without 1 pug/ml doxy-
cycline. After 4 days of doxycycline treatment, cells were serum
starved for 24 hours, and the cell cycle was analyzed using FACS
with CellQuest software, following staining of the fixed cells with
2568
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propidium iodide. In contrast to that in Ikkb** cells, disruption
of Tkkb in Ikkb*/ cells resulted in an increased percentage of cells
undergoing cell cycle arrest at the G,/M phase (Figure 5A). To
decipher the molecular mechanism by which Ikkb* interrupts
cell cycle progression, cell cycle checkpoint proteins were analyzed
by Western immunoblot. Upon Ikkb deletion, the phosphoryla-
tion of retinoblastoma (Rb) was decreased, and expression of
Cdk4, Aurora A kinase, Aurora B kinase, cyclin-dependent kinase 2
(Cdk2), and survivin were markedly reduced (Figure S, B and C).
In addition, there was an increase in p27 Kip1 protein expression
(Figure 5C). Since Aurora A and Aurora B are needed for G,/M
progression, as the cells are released from the arrest in S phase,
the increased percentage of cells at G,/M is likely the result of the
reduction of Aurora A and B kinase. It is expected that at later time
points, after release from the double-thymidine block, the Ikkb*/4
cells would exhibit an increase in the percentage of cells in Go/Gy,
based upon the observed reduction in phosphorylation of Rb and
reduced levels of Cdk2 and Cdk4. When the above experiment was
petformed on nonsynchronized cells, we observed an increase in
the number of cells at the Go/G; restriction point (Supplemental
Figure 2A), indicating that the reduction of pR, cyclin D1, Cdk4,
cyclin A, and Cdk2 (Supplemental Figure 2B) that occurs with
deletion of Ikkb results in a reduction or slowing of cells to transi-
tion past the Gy/S restriction point. Altogether, these data show
that Ikkb®/4/Ink4a/Arf/~ melanocytes expressing HRasY!? exhib-
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Figure 6

IL-6 is a promoter of melanoma tumorigenesis. (A) Cytokine profiles were determined in the serum of melanoma-bearing or tumor-free mice by
cytokine array (n = 4). 6Ckine, chemokine (C-C motif) ligand 21; CTACK, cutaneous T cell-attracting chemokine; MCP, monocyte chemoattractant
protein; MIP, macrophage inflammatory protein; sTNFR, soluble tumor necrosis factor receptor; TARC, thymus activation regulated chemokine;
TIMP, tissue inhibitors of metalloproteinase. (B) IL-6 levels in the tissues of lkkb"! mice with or without melanoma were determined. Supernatant
(Sup) IL-6 secreted by the cultured E19 melanocytes and melanoma cells derived from melanoma in lkkb*t mice was measured by ELISA. (C)
FVB mice were xenografted with melanoma cells from lkkb*t mice. These mice were treated with doxycycline and/or BMS-345541. Tumor vol-
ume was measured, and tumor lysate was prepared for IL-6 ELISA assay. Each value represents the mean from 5 mice. BMS, BMS-345541. (D)
The E19 melanocytes from Ikkb*t or Ikkb** mice were cultured with or without doxycycline, and the supernatant IL-6 was determined by ELISA
assay. (E) The cell lysates were prepared from the cultured cells above and subjected to immunoblotting for phospho-Stat3. The total Stat3 was
probed as a loading control. The blots were scanned and quantified. Each value was from 3 independent experiments.

ited enhanced apoptosis, cell cycle arrest, and significant inhibi-
tion of mutant HRas-driven melanoma formation.

IL-6, as a biomarker of melanoma formation, is NF-KB dependent. The
cytokine profile in the tumor microenvironment has been shown
to contribute greatly to the development of cancer. To examine
the inflammatory cytokines expressed during melanoma devel-
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opment, we examined the expression profile of 32 cytokines in
the serum of tumor-bearing and tumor-free mice. Surprisingly,
the serum of mice with melanoma showed remarkable elevation
in IL-6 (49-fold elevation) and a murine chemortactic cytokine, a
homolog of human CXCL1 (KC) (10-fold elevation), as compared
with that of melanoma-free mice of Tkkb** and Ikkb®/* genetic
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background (Figure 6A). IL-6 has been shown to act as tumor pro-
moter in gastrointestinal cancers, in which it is produced largely
by myeloid cells but not by the cancer cells (43). To pursue the IL-6
cellular source in this model, the tissue lysates from normal skin
and melanoma and spleen, bone marrow, thymus, and serum from
mice, with or without melanoma, were prepared, and IL-6 levels
were determined in various organs. Surprisingly, IL-6 was highly
expressed in melanoma tissue (577 + 132 pg/g protein) and serum
(200 + 68 pg/g protein) of melanoma-bearing mice, in contrast to
IL-6 in normal skin (6.2 + 3.6 pg/g protein) or serum of tumor-free
mice (6.7 + 4.8 pg/g protein). We were unable to detect differences
in spleen, bone marrow, and thymus, between mice with and with-
out tumor (Figure 6B). These data suggest that IL-6 is more likely
produced by melanoma cells than infiltrating immune cells. To
confirm that IL-6 is mainly produced from melanoma cells, the
melanoma cells were isolated from tumor-bearing mice, cultured
in vitro, and IL-6 was detected by ELISA. Interestingly, IL-6 was
significantly higher in cultured melanoma cells than in cultures of
primary melanocytes (1,810 + 290 pg/ml vs. 14 + 2.4 pg/ml) (Fig-
ure 6B). This suggests that the melanoma tumor cells are a major
source of IL-6 to the host.

To verify that Ikkf activity is required for maintaining mela-
noma growth in vivo, the melanoma cells from the tumors
that arose on the Ikkb/\:Tyr-rtTA:TetO-Hras"'?:Ink4a/Arf/~ mice
after doxycycline induction were xenografted into FVB strain
mice (5 mice/group), and 1 mg/ml doxycycline was included in
the drinking water. When tumor size reached approximate 400
mm?3, the tumor-bearing mice were treated with doxycycline
and/or oral administration of the Ikkf inhibitor, BMS-345541
(75 mg/kg), twice daily for 1 week. The tumor-bearing mice
without doxycycline in drinking water were used as a control
group (Figure 6C, right panel, first bar). BMS-345541 (4[2'-ami-
noethyl] amino-1,8-dimethylimidazo[1,2-a]quinoxaline) was
identified as a highly selective inhibitor of the Ikkp (ICso = 0.3
um) when compared with a panel of 15 other kinases, includ-
ing Stat3. Consistent with the role of BMS-345541 in inhibiting
NF-kB-dependent transcription of proinflammatory cytokines
both in vitro and in vivo (44), we observed that HRasV!2-induced
IL-6 expression in vivo (Figure 6C, right panel, second bar) was
significantly suppressed when Ikkf was inhibited by BMS-345541
(Figure 6C, right panel, third bar). The subsequent decline in
intratumoral NF-kB activation with BMS-345541 treatment indi-
cated the efficiency of Ikkf inhibition (Supplemental Figure 4).
Moreover, BMS-345541 inhibited the growth of the melanoma
tumors (Figure 6C, left panel), and this was correlated with
reduced IL-6 expression (2 = 0.91).

To gain further insight into the requirement for Ikkf} in HRasV12-
induced IL-6 expression in melanocytes, we established melanocyte
cultures from Ikkb** or Ikkb™/* newborn mice and subjected estab-
lished cultures to treatment with or without doxycycline (1 ug/ml)
for 4 days, before monitoring IL-6 expression by ELISA (Figure
6D). We observed that IL-6 secretion into the culture medium was
greatly diminished when Ikkb was deleted (Figure 6D, fourth bar).
IL-6 is transcriptionally regulated by NF-kB (45), and IL-6 activa-
tion of the transcription factor Stat3 is very important for cancer
cell proliferation (46). To examine the effect of loss of Tkkb on Stat3,
we deleted Tkkb in melanocytes and measured Stat3 phosphoryla-
tion. Loss of Tkkb resulted in the reduced phosphorylation of Stat3,
as compared with that in the Ikkb wild-type melanocytes (Figure
6E). Thus, the NF-kB signal transduction pathway contributes to
2570
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overproduction of IL-6 in melanoma cells and thus contributes to
the “cytokine storm” effect in the tumor microenvironment.

Discussion
The transcription factor NF-kB is a key regulator of the expres-
sion of genes involved in inflammation, cell cycle, apoptosis, and
tumorigenesis. The contribution of NF-kB to the development
of various human cancers, including melanoma, is well docu-
mented (11, 15,22, 47). The IKK complex that activates NF-xB is
hyperactivated in melanoma cells. The IKK complex is composed
of 2 enzymatic units, IKKa and IKKp, and an adaptor, IKKYy.
IKK is required for activation of the canonical NF-kB pathway,
and Ikka is important for activation of the noncanonical NF-xB
pathway (48). Although Ikko was shown to be overexpressed in
cancer cells, downregulation of IKKo by RNAi was not accompa-
nied by significant apoptosis (49). Recently, Ikko was described
as a kinase that promotes the differentiation of keratinocytes
and suppresses nonmelanoma skin cancer (49). Thus, the anti-
apoptotic function of NF-kB signaling is likely to be mediated
by the canonical NF-kB pathway and IKKp.

Although NF-xB is activated in melanoma, the factors lead-
ing to the constitutive NF-kB activity in melanoma cells are not
entirely clear. Numerous studies, including our own, have dem-
onstrated that expression of mutant Ras (HRasV!? or N-RasQ61)
results in intrinsic activation of this pathway (50, 51). However,
transgenic expression of HRasV!2 alone does not efficiently induce
melanoma in mouse models (21, 36). In melanocytes, mutation
of either HRas or downstream BRaf alone leads to nevus forma-
tion, along with initial cell proliferation, followed by cell cycle
arrest and senescence, mediated in part through expression of
Ink4a-encoded proteins (10, 52). However, germline disruption
of the Ink4a tumor suppressor locus may confer a familial pre-
disposition for melanoma (53, 54). Ink4a encodes p16"k42 and
Arfencodes p194. Both Ink4a and Arf function as cell cycle and
NF-kB inhibitors (55). In our murine models, mice null for the
Ink4a/Arflocus develop angiosarcoma lesions in the FVB mouse
strain, while in C57BL/6 mice, loss of the Ink4a/Arflocus results
in development of lymphoma (36, 56). Of note, neither expression
of the active Hras"'? gene in melanocytes, nor knockout of Ink4a/
Arf, alone induce melanoma (36, 56). Mouse germline manipula-
tion of Ink4a deletion, combined with gain-of-function mutation
in the HRas gene in melanocytes, results in melanocyte transfor-
mation and melanoma development (36, 37). Either activating
RAS or BRAF mutations are observed in most human melanomas
(3, 57, 58). Thus, this mouse melanoma model is an ideal tool
to faithfully recapitulate the major genetic traits seen in human
melanomas (3, 59), allowing study of the role of loss of Ink4a/Arf,
Ikkf/NF-xB, and Ras"'? in melanocyte-specific tumorigenesis.

Melanocytes in mice reside mainly in the dermis of the pinna,
in the epidermis of the limbs and tail, and in the hair follicles of
the hairy parts of the skin (60). We observed that most melanoma
lesions that formed when HRas"V!1?2 was expressed in Ink4a/Arf-
null mice arose from melanocytes in the hair follicles, in which
the melanoma tumor cells eventually replaced the cells of hair fol-
licles. The expression of the melanocyte-specific marker S-100 by
the tumor cells indicated that the tumor-initiating cells are most
likely melanocytes in the bulb of the hair follicle or the melanocyte
stem cells in the bulge region. By using Cre/LoxP-mediated dele-
tion of the Ikkb gene in melanocytes undergoing tumorigenesis
upon induction of HRasV!? expression, we have provided the first
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Figure 7

Schematic illustration of oncogenic HRasV'2-induced and Ikkp/NF-kB—mediated mela-
noma tumorigenesis. Mutation-activated HRas"'2 in Ink4a/Arf-- melanocytes triggers the
IkkpB/NF-«B signal transduction pathway, leading to inhibition of the apoptosis machinery
(p53, p21, Bcl2, caspase 3 cleavage), a transcriptional burst of /L6 accompanied by activa-
tion of Stat3, cell cycle progression (with induction of Rb phosphorylation, aurora kinase,
Cdk4, survivin), cell proliferation, and immortalization when p16/p19 are deleted. Deletion
of Ikkb in these cells blocks cell cycle progression (reduced Rb phosphorylation, aurora
kinase, Cdk4, and survivin expression), reduces proliferation, and enhances p53-mediated
apoptosis. When p53 is knocked down in cells null for /kkb, the induction of apoptosis is
reversed, indicating that p53 induction (indicated by bold font) is required for the effects of
loss of Ikkb on inhibition melanoma tumor growth. Therefore, deletion of /kkb emerges as
an effective target for treating melanoma tumors that express wild-type p53.

genetic demonstration to our knowledge that the absence of Tkkf
expression in melanocytes disrupts the induction of melanoma by
mutant HRas in Ink4a/Arf-null melanocytes. Our data are in agree-
ment with other observations that IKKf is a critical component
for development of certain types of tumors (61-63).

Mutation of p53 is rare in melanoma, but p53 signaling is fre-
quently disrupted during melanoma tumor progression (41, 64-66).
Melanocytes lacking p53 or expressing nonfunctional mutant
pS53 are more susceptible to transformation (64). In agreement
with this finding, we demonstrate herein that melanocyte apopto-
sis associated with the deletion of Ikkb was ablated by p53 silenc-
ing. Ikkp may play a role in the regulation of p53-mediated gene
expression, through a mechanism whereby phosphorylated p65
stably associates with p53 at p53 responsive promoters, resulting
in an inhibition of p53-mediated transcriptional activity (66, 67).
Alternatively, Ikkp may directly phosphorylate pS3 on serines 362
and 366 to promote its turnover (68). Here, we show that Ikkb
knockout in melanocytes increased pS53 protein levels. However,
the increase in p53 protein is not the result of an increase in p53
mRNA but is through phosphorylation of p53 at Ser15, which
likely results in disruption of the p5S3-Mdm2 binding (41). Dele-
tion of Tkkb also reduces the phosphorylation of Mdm?2 at Ser166,
which abrogates Mdm2-mediated ubiquitination and degradation
of p53 (69). These data suggest that Ikkf plays an important role
in the regulation of p53 stability in melanocytes. Moreover, dele-
tion of Ikkb leads to increased protein levels for the p53-regulated
inhibitors of cell cycle progression, p21 and p27X!¥, while at the
same time abrogating Ras-induced Bcl-2 protein expression and
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activating caspase-3. Thus, melanocytes null
for Ikkb may undergo cell cycle arrest and p53-
mediated and caspase-3-executed apoptosis.
There are reports that KRas induction com-
bined with loss of p53 results in nuclear localiza-
tion of p65 in mouse embryonic fibroblasts (63).
However, suppression of NF-kB by expression
of an IkB super-repressor in KRas-transformed
lung tumors resulted in apoptosis even in p53-

IL-6 null lung cancer lines (63). These data imply

L that there may be differences in the requirement

Stat3 for p53 in apoptosis mediated by inhibition of

NF-kB, depending on the method for inhibi-

~/ tion of NF-kB (IKK inhibition vs. inhibition of
<« Ink4a/Arf~"

nuclear localization of p65). Alternatively, the
difference in the requirement for pS3 for apop-
tosis induction by inhibition of NF-kB, between
our data and the data from Meylan et al. (63),
may reflect differences in the melanoma and
lung cancer models studied.

Stabilization of p53 may contribute to cell
cycle arrest in Tkkb*/* melanocytes. When Ikkb®/A
melanocytes were cell cycle synchronized in
the S phase by the double-thymidine block,
then released and allowed to progress, we
observed downregulation of Aurora A and an
increase in the percentage of cells at the Go/M
phase of cell cycle. Aurora A is a centrosome
kinase that plays a pivotal role in G,/M transi-
tion. However, if Ikkb*/ cells were not first syn-
chronized in S phase by the double-thymidine
block, we observed an increase in the percent-
age of cells at the Go/G; phase and a reduction in cells in S phase.
This is likely the result of the marked reduction in expression of
cyclin D1, Cdk4, cyclin E, and Cdk2 associated with loss of Tkkf
in melanocytes. These data suggest that the point in cell cycle that
synchronization takes place determines whether the cells arrest at
the Gy or G2/M checkpoint.

Though cyclins and Cdk genes are directly transcriptionally
regulated by NF-kB, this does not appear to be the case for Aurora
kinase A (Aurka). There is only 1 potential NF-kB binding ele-
ment in the promoter of murine Aurka, and there are none in the
human AURKA promoter. Moreover, ChIP assays performed on
Ikkb** and Tkkb*/* melanocytes did not show differences in mutant
HRas-induced binding to the NF-kB consensus sequence in the
murine Aurka promoter (data not shown). Of interest, inhibition
of Aurora A kinase by MLN8054 treatment of colon carcinoma
cells released from nocodazole synchronization produces a p53-
dependent G; arrest (70). Specifically, in this melanoma study, kkb
knockout, with its accompanied Aurora A downregulation, results
in the reduction in progression through the G,/M phase of the
cell cycle in cells synchronized by the double-thymidine block and
a G arrest in unsynchronized cells. The stabilization of p53 is an
important component of the Gy arrest. Our cumulative data sug-
gest that deletion of Ikkb in melanocytes promotes cell cycle arrest
and apoptosis, and, together, these events inhibit HRasV2-induced
melanocyte transformation. IKKPB may provide a promising target
for developing novel lead molecules to combat cancers.

A causal link between inflammation, NF-xB, and cancer is well
recognized for several tumor types (22, 24). IL-6 production by
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tumor cells may be a major contributor to an autocrine and/or
paracrine amplification loop (71) and constitutive activation of
Stat3 signaling has been shown to be important in myeloma, mela-
noma (72), and Ras-induced cancer (46, 73, 74). In fact, targeted
deletion of IL-6 is associated with reduced liver metastasis of lung
carcinoma cells (75). Myeloid inflammatory cells also produce IL-6
and thus contribute to inflammation-associated carcinogenesis
(71). We demonstrated here that elevation in the IL-6/gp130/Stat3
signaling axis in HRas-transformed mouse melanoma cells is Ikkf
dependent. Moreover, the increased expression of p53 following
Ikkb knockout may also contribute to the repression of the IL6
gene promoter (76). Therefore, melanoma-derived IL-6 may pro-
vide an autocrine amplification loop at least partially via Ikkf/
IL-6/Stat3 signaling axis (Figure 7). Either genetic or small mol-
ecule (BMS-345541) targeting of Ikkb reduces IL-6 production and
contributes to ablation of melanoma development or decrease of
melanoma tumor burden.

In conclusion, conditional knockout of Ikkb successfully abro-
gates melanoma development in Ink4a/Arf-null melanocytes
expressing mutant HRas"!2, which causes constitutive activation of
the Ras/NF-kB/Stat3 pathway. Deletion of Ikkb results in reduced
activation of Stat3, reduced IL-6 production, cell cycle arrest, and
apoptosis of melanocytes (Figure 7). Thus, Ikkf is a potential ther-
apeutic target for clinical consideration in melanoma patients in
which these pathways are involved. NF-kB inhibitors are currently
in clinical trials for solid tumors (CH828; Leo Pharma), acute
myeloid leukemia (AS602868; Serono International), pancreatic
cancer and multiple myeloma (Curcumin; MD Anderson Cancer
Center), B cell lymphoma (Seliciclib; Cyclacel Pharmaceuticals),
and pancreatic cancer, lymphoma, and myeloma (RTA-402, which
inhibits Stat3 and NF-kB; Raeta Pharmaceuticals, MD Anderson
Cancer Center) (77). Our studies suggest that melanoma tumors
exhibiting constitutive activation of the NF-kB pathway express-
ing wild-type p53 will benefit from treatment with IKKp inhibi-
tors. Identification of that specific subset of melanoma patients
will be very important for future studies.

Methods

Inducible Ikkb knockout melanoma models and cell cultures. FVB strain mice
expressing TetO-Cre (39) were crossed with FVB Ikkb’f mice (38, 78), and
TkRb/FTeTOCre mice were selected. The mice were interbred with FVB Ink4a/
Arf-null mice carrying transgenic Tyr-tTA and TetO-Hras"'? (36, 37). Geno-
typing was conducted by PCR, using genomic DNA extracted from tail
digestion as previously described (37-39). Animal procedures were carried
out according to protocols approved by the Institutional Animal Care and
Use Committee, Department of Animal Care, Vanderbilt University.

The procedure for isolation, purification, and culture of melanocytes
from the skin of E19 mice was performed as previously described (56). The
early-passage (passages 5-12) melanocytes were used for experiments. For
conditional knockout of Tkkb in vitro, melanocytes were cultured in 254
medium containing 2x HMGS supplement (Cascade Biologics Inc.) in
plates coated with collagen I (Invitrogen) and 1 ug/ml doxycycline (Sigma-
Aldrich) for 96 hours. Then, cells were transferred into unsupplemented
254 medium containing 1 ug/ml doxycycline for additional 24 hours.

Immunocytochemistry and immunobistochemistry. Inmunostaining was per-
formed with the described protocol (79), using specific antibodies against
Ikkf (MD Chemicals Inc.), S-100 (Dako North America Inc.), and Martl,
Factor VIII (Cell Signal Technology Inc.).

Western blotting, immunoprecipitation, and kinase activity assays. Immuno-
blotting analysis, immunoprecipitation, and in vitro Ikk activity assays
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of cytoplasmic extracts from cultured primary melanocytes were per-
formed as described previously (21), using specific antibodies against
Tkko/p (H-470) and p-Actin (both from Santa Cruz Biotechnology
Inc.); HRas (Calbiochem); and Ikkp (2C8), Ikky, Cdk4 (DCS156), phos-
pho-p65 (Ser536) (93H1), phospho-Akt (Ser473) (193H12), phospho-
RB (Ser780) (C84F6), phospho-Cyclin D1 (Thr286) (D29B3), phos-
pho-Mdm2 (Ser166), phospho-p53 (Ser15), and Bcl2 (all from Cell
Signal Technology Inc.).

RT-PCR. RT-PCR was performed as described previously (21). The
primers used for PCR were as follows: p53 (485 bp), AGTCACAGTC-
GGATATCAGCC (sense) and CTCCGTCATGTGCTGTGACTT (anti-
sense), and GAPDH (466 bp), ATGCTGGCGCTGAGTACGTC (sense)
and TCAGGTCCGCCACTGACAC (antisense). The PCR products were
resolved by electrophoresis in a 2% agarose gel and visualized by ethid-
ium bromide staining.

Real-time quantitative RT-PCR. RNA was extracted from E19 melanocytes
isolated from Ikkb"* and Ikkb*/* mice that had been treated or not treated
with doxycycline (1 ug/ml), using QIAshredder homogenization, RNeasy
Mini Kit isolation, and RNA-free DNase digestion protocols (all from Qia-
gen). Real-time RT-PCR was performed using Bio-Rad SYBR Green Master
Mix and primers assays for Mdm2, p53, Rb1, and p21 (SABiosciences). The
real-time protocol was as follows: cycle 1 (performed once), 95°C, 3 min-
utes; cycle 2 (performed 40 times), 95°C for 10 seconds, 60°C for 30 sec-
onds, and 72°C for 20 seconds; cycle 3 (performed 81 times), 55°C-95°C
for 30-second melt curve analysis. All experiments were performed using
a Bio-Rad iCycler IQS.

Cells with stable p53 knockdown. For specific knockdown of p53, the stable
cell line carrying p53 shRNA or control shRNA was developed by infect-
ing E19 melanocytes with 200 ul lentiviral shRNA particles (Santa Cruz
Biotechnology Inc.) in complete medium containing 10 ug/ml polybrene.
Twenty-four hours after infection, stable cells expressing the shRNA were
isolated via selection in the presence of 2 ug/ml puromycin. The expression
of p53 protein in the stable cells, along with doxycycline induction, was
evaluated by Western blot (Figure 4C). The cells that showed great reduc-
tion (over 90%) of p53 were subjected to apoptosis analysis.

Cytokine array and ELISA. Cytokine arrays were performed using RayBio
Mouse Cytokine Antibody Array G Series 2 Kit (32 cytokines) (RayBio-
tech Inc.), per the manufacture’s protocol. ELISA assay was performed as
described previously (15).

Assessment of cell apoptosis. Using the Annexin V FITC Apoptosis Kit
(Invitrogen), expression of cell surface phosphatidylserine was evaluated
as an apoptosis marker by staining, followed by flow cytometry analysis,
per the manufacturer’s instructions. The TUNEL assay was performed
using the FragEL DNA Fragmentation Detection Kit (Calbiochem), per
the manufacturer’s protocol.

Statistics. Results are expressed as mean = SD from 3 independent experi-
ments (Figure 4, A and D, and Figure 6, B-D). Prism software (GraphPad),
Microsoft Excel, and correlation coefficient (7%) were used for statistical
analyses. The unpaired, 2-tailed Student’s ¢ test was used to determine the
statistical difference between groups. The cumulative incidence of mela-
noma among groups was compared according to the method described by
Gray (80). P values of less than 0.05 were considered significant.
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