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The tumor suppressor p15Ink4b is fre-
quently inactivated by methylation in
acute myeloid leukemia and premalig-
nant myeloid disorders. Dendritic cells
(DCs) as potent APCs play critical regula-
tory roles in antileukemic immune re-
sponses. In the present study, we investi-
gated whether p15Ink4b can function as
modulator of DC development. The ex-
pression of p15Ink4b is induced strongly
during differentiation and activation of
DCs, and its loss resulted in significant

quantitative and qualitative impairments
of conventional DC (cDC) development.
Accordingly, ex vivo–generated BM-
derived DCs from p15Ink4b-knockout
mice express significantly decreased lev-
els of the antigen-presenting (MHC II) and
costimulatory (CD80 and CD86) mol-
ecules and have impaired immunostimu-
latory functions, such as antigen uptake
and T-cell stimulation. Reexpression of
p15Ink4b in progenitors restored these
defects, and confirmed a positive role for

p15Ink4b during cDC differentiation and
maturation. Furthermore, we have shown
herein that p15Ink4b expression increases
phosphorylation of Erk1/Erk2 kinases,
which leads to an elevated activity of the
PU.1 transcription factor. In conclusion,
our results establish p15Ink4b as an im-
portant modulator of cDC development
and implicate a novel function for this
tumor suppressor in the regulation of
adaptive immune responses. (Blood.
2012;119(21):5005-5015)

Introduction

In acute myeloid leukemia (AML), one of the most common
epigenetic abnormalities observed in patients is the transcriptional
silencing of p15INK4b (Cdkn2b) by DNA hypermethylation.1,2

Increased DNA methylation of the p15INK4b gene regulatory
sequences has been reported in up to 80% of all patients suffering
from AML, and in a high proportion of patients with other
hematologic disorders, including myelodysplastic syndrome (MDS),
and myeloproliferative neoplasms.3,4 Clinical observations have
established a strong correlation between the methylation levels of
p15INK4b and poor prognosis in patients. Hypermethylation also
provides a biomarker for the subsequent transformation and
progression of the disease to a more aggressive phenotype.3 The
tumor-suppressor function of p15Ink4b for myeloid diseases was
confirmed experimentally in an animal model with myeloid-
specific deletion of the gene. These mice suffer from a mild form of
myeloproliferative neoplasm resembling chronic myelomonocytic
leukemia and are strongly predisposed to retrovirus-induced AML.5

p15INK4b is a cyclin-dependent kinase inhibitor (CDKI) that
binds and inhibits the activity of 2 cyclin-dependent kinases,
CDK4 and CDK6. This inhibition leads to cell-cycle arrest during
the early and mid-G1 phase.6 In accordance with its cell cycle–
inhibitory function, the expression levels of p15Ink4b are reported
to be increased during the late maturation stages of myeloid
progenitors associated with terminal differentiation into macro-
phages.7 p15Ink4b has also been shown to play a role during early
stages of hematopoiesis independently from its cell cycle–
inhibitory function.8 During early myeloid-cell development, the
loss of p15Ink4b in knockout mice favors the differentiation of
common myeloid progenitors (CMPs) into granulocyte macro-

phage progenitors (GMPs), resulting in an imbalance between the
erythroid and myeloid compartments.8

During leukemogenesis, an important step in the establishment
and progression of disease, is evasion of the preleukemic/leukemic
cells from efficient surveillance and clearance by the immune
system. The critical players in the initiation of immune surveillance
and the maintenance of self-tolerance are the dendritic cells
(DCs).9,10 DCs function primarily as APCs that have the exclusive
capacity of stimulating naive T cells against pathogens and cancer-
ous cells. Recent studies have established DCs as a distinct
hematopoietic lineage.11 Differentiation steps include the macro-
phage-DC progenitors (MDPs), that are derived from CMPs and
give rise to the common DC precursors (CDPs).12,13 This differen-
tiation scheme suggests that myeloid precursors of CDPs also
include preleukemic/leukemic progenitors with genetic/epigenetic
changes that may hamper their differentiation/maturation into fully
functional DCs necessary for efficient antileukemic immune
response.14,15

Previous studies have implicated a role for p15Ink4b during
normal myelopoiesis and in myeloid diseases; however, its
potential function in the differentiation and maturation of DCs
has not been addressed. Using the p15Ink4bfl/flLysMcre condi-
tional knockout mouse model developed previously in our
laboratory,5 in the present study, we show that the loss of p15Ink4b
affects the differentiation and maturation of conventional DCs
(cDCs) in vivo and ex vivo. The p15Ink4b-deficient mice have
substantially reduced numbers of CDPs, and spleen and BM cDCs.
Ex vivo–generated BM-DCs from the knockout mice have mark-
edly lower levels of expression of MHC II, and the costimulatory
molecules CD80 and CD86 than wild-type controls. Accordingly,
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these cells show a reduced ability to uptake antigen and to stimulate
allogeneic T-cell responses. The reexpression of p15Ink4b in
progenitors resulted in a restoration of MHC II expression and
costimulatory molecules, confirming a positive role for p15Ink4b
in cDC development. Furthermore, we have shown herein that
p15Ink4b expression increases the phosphorylation of Erk1/Erk2
protein kinases that leads to an increased transactivation activity of
the PU.1 transcription factor, an important regulator of DC
development.

Our present results establish the tumor suppressor p15Ink4b as
an important modulator of cDC development and suggest that the
loss of its expression due to promoter methylation or gene deletion
may result in less effective adaptive immune responses.

Methods

Mice

The generation and characterization of conditional and embryonal p15Ink4b-
knockout mice have been described previously.5,16 Handling and treatment
of mice were performed in accordance with animal protocols approved by
the National Institutes of Health (NIH) Intramural Animal Care and Use
Committee.

Cells

BM-DCs were generated as described previously.17,18 Briefly, BM cells
were cultured in IMDM containing 10% FCS, 2mM glutamine, and 100 U
of penicillin/streptomycin supplemented with 20 ng/mL of recombinant
murine GM-CSF and 10 ng/mL of IL-4 (PeproTech). The cells were seeded
at a density of 5 � 105 cells/mL and 50% of the medium was replaced with
fresh cytokine-containing medium on days 3 and 5. BM-DC culture on day
5 had approximately 70% CD11c�CD11b�CD8�� BM-DCs and were
activated/matured by overnight by treatment with lipopolysaccharide (LPS)
treatment 100 ng/mL; Escherichia coli serotype 0127:B8; Sigma-Aldrich).
For analysis of splenic DCs, splenocytes were isolated from the mice,
dissected, and incubated in serum-free RPMI containing 400 U/mL of
collagenase I and 20 �g/mL of DNase I (Roche) for 1 hour at 37°C. DCs
were enriched using a custom negative-enrichment cocktail (StemCell
Technologies) according to the manufacturer’s protocol. Hematopoietic
progenitors were isolated from the BM using the EasySep Mouse Hemato-
poietic Progenitor Cell Enrichment Kit (StemCell Technologies).
Dr Cynthia Dunbar (Hematology Branch, National Heart, Lung and Blood
Institute, NIH, Bethesda, MD) generously provided human CD34� cells
from healthy donors.

Flow cytometry

The Abs used for flow cytometric analysis and cell sorting are listed in
supplemental Table 1 (available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). Cells
(5-10 � 106 cells/mL) were incubated for 30 minutes in the dark at room
temperature with a cocktail of mAbs. For intracellular cytokine staining,
Golgi Stop reagent (BD Pharmingen) was added to the cells simultane-
ously with LPS. After an 8-hour activation period, cells were first
stained with Abs against surface molecules and then fixed and permeabil-
ized with Cytofix/Cytoperm (BD Pharmingen) according to the manufac-
turer’s protocol. Data collection was performed on a FACSCanto II or an
LSR II flow cytometer (BD Biosciences). Analysis was performed using
FlowJo Version 7.5.5 software (TreeStar). Cell sorting was done on the
FACSAria III cell sorter (BD Biosciences).

Cell lines and plasmid constructs

The murine cell line M1 and RAW264.7 cells were maintained as described
previously.5,19 Vector expressing DDp15Ink4b under the control of the
destabilizing domain (DD) was constructed by first inserting murine

p15Ink4b cDNA into the EcoR-I and Not-I sites of pLVX-PTuner vector
(Clontech). The DDp15Ink4b sequence was then amplified using primers
XhoI-DD (ATCCTCGAGCATGGGAGTGCAGGTGG) and HpaI-p15
(GTTAACTTTCAATCTCCAGTGGCAGC) and subcloned into the XhoI
and HpaI sites of a retroviral vector pMSCV-IRES-GFP (Mig). RAW
264.7 cells or enriched hematopoietic progenitors were infected with an
empty viral Mig vector (Mig0) or Mig expressing DD-p15Ink4b
(MigDDp15) retroviruses in the presence of 5 �g/mL of polybrene
(Sigma-Aldrich) by 2 rounds of spinoculation at 485g for 1 hour.
Forty-eight hours after infection, green fluorescent protein–expressing cells
were sorted, expanded in IMDM supplemented with murine SCF, murine
IL-3, and murine IL-6 (PeproTech) and differentiated into BM-DCs with
GM-CSF and IL-4.

Allogeneic T-cell proliferation assay

Balb/c T cells were purified following the EasySep negative selection
protocol (StemCell Technologies), and then stained with fluorescent CFSE
dye as described previously.20 Briefly, T cells were resuspended at
106 cells/mL in PBS and incubated at 37°C for 7 minutes with 0.5�M CFSE
(Molecular Probes). After the addition of serum and 2 PBS washes,
CFSE-labeled T cells were cultured at a density of 105 cells/well in 96-well
U-bottom plates (Falcon) with various numbers of sorted CD11c�CD11b�

DCs. Cells were kept at 37°C in 5% CO2 for 5 days and analyzed on day
5 by FACS.

Antigen uptake

To measure antigen uptake, BM-DCs were incubated with 1 �g/mL of
FITC-labeled ovalbumin peptide (OVA; Molecular probes) at 4°C (back-
ground control) or 37°C. Cells were collected at the indicated time points
and the incorporation of FITC-OVA into CD11c�CD11b� cells was
monitored by flow cytometry.

RNA isolation and qPCR

Total RNA was prepared according to the miRCURY RNA isolation kit
(Exiqon) protocol. cDNA was produced from 1 �g of total RNA using the
RNA-to-cDNA reverse transcription kit (Applied Biosystems). Real-time
quantitative PCR (qPCR) was performed in triplicate using one-tenth the
cDNA reaction with predesigned gene-expression assays (Applied Biosys-
tems) for mouse p15Ink4b (Mm00483241) and Gapdh (4352932) and for
human p15INK4b (Hs00793225) and 18S RNA (4333760). Relative quanti-
tation was carried out by the comparative threshold cycle (CT) method.
p15Ink4b genomic DNA copy number was performed using custom primer
and probe sets against the floxed exon 2 and calculated using exon 1 of the
gene for normalization (supplemental Table 2).

Statistical analysis

Statistical analysis was performed using Prism Version 5 software (Graph-
Pad) using an unpaired 2-tailed Student t test on measurements of
experimental replicates. For gene expression, relative quantitation was
carried out with the CT method.21

Western blot analysis

Cells were disrupted in ice-cold lysis buffer supplemented with Protease &
Phosphatase Inhibitor Cocktail (Halt; Thermo Scientific). Whole-cell
lysates were fractionated by SDS-PAGE on a 4%-12% gradient gel and
transferred electrophoretically to a nitrocellulose membrane. Immunoblots
were blocked, incubated with Abs, and visualized with SuperSignal West
Pico chemiluminescent substrate (Pierce) in accordance with the manufac-
turer’s instructions.

ChIP assay

For detection of proteins bound to DNA in vivo, the SimpleChIP enzymatic
Chromatin IP Kit (Cell Signaling Technology) was used in accordance with
the manufacturer’s protocol. Cross-linked chromatin was digested with
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micrococcal nuclease and immunoprecipitated with ChIP-formulated Abs:
PU.1, histone H3, and normal rabbit IgG (Cell Signaling Technology).
Immunoprecipitated DNA was amplified by qPCR using primers/probe sets
specific for the CD80 and CD86 promoters22 (see supplemental Table 2).
Two independent experiments were performed in triplicate for each ChIP.
Results were normalized to H3 control enrichment and graphed as the -fold
increase in enrichment over normal IgG ChIPs.

Luciferase assay

Raw264.7 cells (2 � 106 cells/mL) were washed in PBS, resuspended in
100 �L of Nucleofector Kit V (Lonza) supplemented with 2 �g of
Pu.1-dependent luciferase reporter construct (pPU.1-Luc)23 and 30 ng of
Renilla luciferase pCMV-RL (Promega) control construct for normaliza-
tion, and transfected by electroporation using Nucleofector II (Lonza).
Luciferase activity was assessed using the Dual-Luciferase Reporter
System (Promega) and the TurnerTD-20e luminometer.

Results

Differentiation and maturation of cDCs are accompanied by a
transcriptional up-regulation of p15Ink4b

To assess whether p15Ink4b could play a role in the development
and activation of DCs, we first analyzed expression of p15Ink4b
mRNA in cDCs compared with hematopoietic c-Kit� progenitors.
FACS plots of enriched hematopoietic progenitors and enriched
splenic DCs, as well as the gating strategy for FACS sorting of
c-Kit� and CD11c�CD11b� cDCs, are shown in Figure 1A. PCR
analyses revealed that the level of p15Ink4b mRNA expression in
cDCs was strongly elevated (� 300-fold) compared with c-Kit�

BM cells (Figure 1B). To investigate p15Ink4b mRNA expression
throughout the maturation and activation of DCs, we generated
BM-DCs (CD11c�CD11b�) in vitro from BM cells cultured in the
presence of GM-CSF and IL-4.17 BM-DCs were sorted and
activated or not activated with LPS (Figure 1C). Consistent with
the results from splenic cDCs, p15Ink4b mRNA was strongly
induced in the immature BM-DCs compared with c-Kit� cells
when FACS sorted from lineage-negative hematopoietic progeni-
tors and further up-regulated after stimulation with LPS (Figure
1D). The biphasic up-regulation of p15Ink4b expression was also
confirmed in human DCs generated from CD34� human hematopoi-
etic cells24 activated with LPS (Figure 1E-G). These results suggest
an important role for p15Ink4b during the development and the
activation of DCs.

Loss of p15Ink4b in vivo results in a reduction of CDP
populations in BM

The role of p15Ink4b as a tumor suppressor for myeloid
malignancies was first demonstrated experimentally using the
p15Ink4bfl/flLysMcre conditional mouse model, in which p15Ink4b
deletion is restricted to cells of the myeloid lineage.5 The absence
of p15Ink4b in these mice results in increased GMP production at
the expense of megakaryocyte/erythroid progenitors and leads to
monocytosis in the peripheral blood and BM.5 To determine
whether absence of p15Ink4b also affects the early DC progenitor
(CDP) populations, BM cells were analyzed by FACS. The gating
strategy used to identify the Flt3�c-kitintM-CSFR� CDPs was
performed as described previously13,25 and is depicted in Figure
2A. Surprisingly, we detected a significant decrease in the percent-
age and total cell numbers of CDPs in p15Ink4bfl/flLysMcre mice
compared with p15Ink4bwt/wtLysMcre control mice, whereas the
multipotent progenitors (MPPs; Flt3�/loc-kithi/M-CSFR�) were not

affected (Figure 2B-C). Deletion efficiency of p15Ink4b in FACS-
sorted CDPs was assessed by qPCR to be approximately 35% (data
not shown). FACS analyses of lineage-negative BM cells isolated
from p15Ink4b embryonal-knockout mice with a complete deletion
of p15Ink4b8 revealed an even more significant decrease of CDPs
in knockout mice (Figure 2D). To investigate whether deletion of
p15Ink4b affects the cycling capacity of CDPs, we analyzed by
FACS 7AAD–stained CDP populations isolated from wild-type or
floxed mice. Our results revealed a similar distribution of cells in
each phase of the cell cycle (Figure 2E), suggesting that the cycling
frequency of DC progenitors is not affected by the loss of
p15Ink4b.

Figure 1. Increased expression of p15Ink4b mRNA in cDCs. (A) FACS plots
depicting the gating strategy for FACS sorting of mouse FACS-sorted c-Kit� cells
from lineage-negative enriched BM progenitors (left) and CD11c�/CD11b� splenic
cDCs from enriched splenic DCs (right). DCs were enriched using a negative-
enrichment cocktail containing biotinylated Abs against murine CD2, CD90.2, CD19,
Ly-6G, and TER-119. (C) CD11c�CD11b� BM-DCs from the GM-CSF and IL-4 BM
cultures. (B,D,G) Real-time qPCR analysis of p15Ink4b mRNA levels of the sorted
populations of cells. (E) Human CD34� progenitors and CD34-derived CD1c�CD11b�

cDCs. Cells were harvested at the indicated time points. (F) Bright-field images of
human CD34� progenitors (left) and CD34-derived DCs on day 5 of culture (right).
Scale bar represents 20 �m. Images were collected using an Olympus iX51 inverted
microscope, a EXi Aqua Camera (QImaging), and the acquisition software IPlab Version
4.08 (BD Biosciences), and were processed in Adobe Photoshop Version 5.0.
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Reduction of cDCs in the BM and spleen of p15Ink4b-deficient mice

We also investigated the impact of p15Ink4b deletion on the more
differentiated subsets of DCs in the BM and spleen. Flow
cytometric analyses of cells from p15Ink4bfl/flLysMcre and
p15Ink4bwt/wtLysMCre mice revealed a significant reduction of
CD8� cDCs (CD11c�CD11b�CD8�) in the spleen and BM of the
p15Ink4bfl/flLysMcre mice, but not the CD8� cDCs
(CD11cint�CD11b�CD8�) or plasmacytoid DC (pDC)
(CD11c�CD11b�CD8�B220�) populations (Figure 2F-G). Interest-
ingly, deletion efficiencies of p15Ink4b exon 2 were similar in all

3 DC populations (Figure 2H), suggesting subset specific regula-
tion of DCs by p15Ink4b. These results were confirmed in BM
isolated from mice with an embryonal knockout of p15Ink4b, in
which we again detected a significant decrease only in the CD8�

cDC populations in knockout mice; the CD8� cDC numbers were
not affected and the pDC numbers were actually increased
(supplemental Figure 1). Immature DCs express MHC I and
MHC II molecules and are characterized by high antigen capture
and processing capacities,26-28 whereas mature DCs up-regulate the
levels of the costimulatory molecules CD80 and CD86, which are

Figure 2. Decreased CDPs and CD8� cDCs in
p15Ink4bfl/flLysMcre mice. (A) Flow cytometry and gat-
ing strategy of lineage-negative enriched mouse progeni-
tors to identify Flt3�M-CSFR� CDPs and Flt3�M-CSFR�

multipotent progenitors. Percentages (B) and total cell
numbers (C) of CDPs and multipotent progenitors (MPPs)
in p15Ink4bwt/wt-LysMcre mice (wt/wt, n � 6) and
p15Ink4bfl/fl-LysMcre mice (fl/fl, n � 6). (D) Percentages
of CDPs and multipotent progenitors in wild-type (wt/wt)
and embryonal p15Ink4b knockout (ko/ko) mice. Data are
shown as means � SD. (E) Cell-cycle distribution of
CDPs isolated from p15Ink4bwt/wt-LysMcre mice (wt/wt)
and p15Ink4bfl/fl-LysMcre mice (fl/fl) mice. Frequency of
CD8� cDCs (defined here as CD11c�CD8�CD11b�)
CD8� cDCs (CD11c�CD8�CD11b�) and pDCs
(CD11c�B220�CD11b�) in the spleen (F) and BM (G) of
p15Ink4bwt/wt-LysMcre (wt/wt, n � 9) and p15Ink4bfl/fl-
LysMcre (fl/fl, n � 9) mice. 2 � 106 events were acquired
for each sample. (H) Efficiency of LysMcre-driven dele-
tion of p15Ink4b in FACS-sorted CD8� cDCs, CD8�

cDCs, and pDCs isolated from p15Ink4bwt/wt-LysMcre
and p15Ink4bfl/fl-LysMcre mice. DNA was analyzed by
qPCR for the p15Ink4b exon2 copy number with p15Ink4b
exon 1 used as an internal control. (I) Expression of MHC
I, MHC II, CD80, and CD86 molecules on steady-state
cDCs from spleen (Sp) and BM of p15Ink4bwt/wt-LysMcre
(black line) and p15Ink4bfl/fl-LysMcre mice (red line). The
results are representative histograms of 4 independent
experiments with similar results. *P 	 .05; **P 	 .01; n.s.
indicates not significant.
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required for effective stimulation of T cells. To determine whether
p15Ink4b affects the expression of cell-surface molecules, we
performed FACS analyses on DCs enriched from the BM and
spleen. As expected, FACS analysis of steady-state splenic and
BM immature cDCs revealed very low levels of CD80 and CD86 in
both p15Ink4bfl/flLysMcre and p15Ink4wt/wtLysMcre mice. How-
ever, splenic cDCs from p15Ink4bfl/flLysMcre mice showed a lower
expression of MHC I and MHC II compared with
p15Ink4bwt/wtLysMcre mice (Figure 2I), suggesting that the antigen-
presenting capacities of these cells might be affected by the loss of
p15Ink4b.

Loss of p15Ink4b decreases the capacity of cDCs to up-regulate
MHC II and costimulatory molecules after activation

To investigate the role of p15Ink4b in the maturation process of
cDCs, we generated DCs in vitro from BM cells cultured in
medium supplemented with GM-CSF and IL-4. Efficient dele-
tion of the p15Ink4b exon 2 (Figure 3A) in cells generated from
floxed mice was detected by qPCR and confirmed by Western
blot analyses (Figure 3B). Loss of p15Ink4b in LPS-activated
BM-DCs from floxed mice resulted in significantly decreased
numbers of BM-DCs expressing high levels of MHC II, CD80,
and CD86 (Figure 3C). Evaluation of the mean fluorescence
intensity (MFI) of positive cells revealed that the BM-DCs from
floxed mice expressed substantially lower levels of MHC II,
CD80, and CD86 than cells from wild-type mice, indicating a
less mature phenotype (Figure 3D). Similar results were ob-
tained with poly(I:C), another potent activator of DCs (data not
shown). These results suggest that p15Ink4b is required for
optimal maturation of DCs.

Loss of p15Ink4b results in a reduction of the
immunostimulatory functions of cDCs

Reduced levels of MHC II expression in steady-state splenic
cDCs and BM-DCs isolated from p15Ink4b-floxed mice are
indicative of a poorly differentiated phenotype. Therefore, we
investigated whether the other functions of immature cDCs,
such as antigen uptake, were also affected by the loss of
p15Ink4b. As shown in Figure 4A, p15Ink4bfl/flLysMcre-derived
BM-DCs were able to internalize antigen (OVA-FITC) less effi-
ciently than p15Ink4bwt/wt LysMcre-derived BM-DCs. As shown in
Figure 4B, a significantly decreased antigen-uptake capability in
p15Ink4bfl/flLysMcre BM-DCs was detected within 30 minutes of
incubation and maintained over the course of the experiment.
Intracellular localization of OVA-FITC peptides was confirmed by
fluorescent confocal microscopy (supplemental Figure 2). Because
treatment of p15Ink4bfl/flLysMcre BM-DCs with LPS results in a
lower expression of CD80 and CD86 compared with control
BM-DCs, we investigated their ability to stimulate allogeneic
T cells from Balb/c mice. BM-DCs derived from floxed and
wild-type mice were used in a mismatched T-cell activation assay.
As shown in Figure 4C, p15Ink4bfl/flLysMcre BM-DCs had a
significantly lower capacity to stimulate the proliferation of
allogeneic T lymphocytes compared with the p15Ink4bwt/wtLysMcre
BM-DCs.

FACS analyses also revealed that BM-DCs derived from floxed
mice produced significantly lower levels of the proinflammatory
TNF-�, but not IL-12 (Figure 4D). Production of the anti-inflammatory
cytokine IL-10 was only slightly increased (Figure 4E).

Reexpression of p15Ink4b reverses differentiation and
maturation defects of BM-DCs

To confirm that defects in cDCs are specific for the loss of
p15Ink4b, we restored the expression of p15Ink4b in cells and

Figure 3. LysMCre-driven deletion of p15Ink4b in BM-DCs impairs their
maturation. (A) Efficiency of LysMcre-driven deletion of p15Ink4b in sorted,
LPS-treated BM-DCs derived from p15Ink4bwt/wt-LysMcre and p15Ink4bfl/fl-LysMcre
mice. DNA was analyzed by qPCR for the p15Ink4b exon2 copy number, with
p15Ink4b exon 1 used as an internal control. (B) Western blot of LPS-treated BM-DCs
probed with anti-p15Ink4b Ab. For a loading control, the same blot was stripped and
reprobed with anti-actin Ab. (C) LPS-treated BM-DCs from p15Ink4bwt/wt-LysMcre
(wt/wt; left panel) and p15Ink4bfl/fl-LysMcre mice (fl/fl; right panel) were analyzed by
FACS for the expression of MHC II, CD80, and CD86 molecules. Numbers in
histograms indicate percentages of positive staining from 3 independent experi-
ments (n � 7 for each genotype). (D) Bar graphs depicting the relative mean
fluorescence intensity values of MHC II, CD80, and CD86 expression on gated
positive populations of BM-DCs. Data are shown as means � SD. *P 	 .05; n.s.
indicates not significant.
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investigated whether defects in differentiation and maturation/
activation of cDCs can be reversed. For stable expression of
p15Ink4b, we used the ProteoTuner system (Clontech), in which a
DD fused to p15Ink4b (DDp15) causes an increased proteolytic
turnover that ensures a low level of expression that can be
modulated by binding of a small molecule called Shield-1 (Sh).28

This system was tested in the RAW264.7 macrophage cell line,
which does not express p15Ink4b and has been shown to acquire a
DC-like morphology and express some DC surface markers, such
as CD11c, after treatment with LPS29,30 (supplemental Figure 3).
The experiments in RAW264.7 cells proved that this expression
system is suitable for low, physiologically relevant levels of
p15Ink4b in hematopoietic cells. Reexpression of p15Ink4b in
primary BM-DCs resulted in a significantly larger fraction of the
MigDDp15 progenitors differentiated into BM-DCs (65%) com-
pared with the Mig0 progenitors (32%; Figure 5A). The enhanced
potential of progenitors expressing MigDDp15 to differentiate into
BM-DCs was also confirmed by light microscopy, which showed
that cells expressing DDp15 underwent a remarkable morphologi-
cal transformation and acquired a DC-like morphology (Figure
5B). BM-DCs infected with MigDDp15 also expressed consider-
ably higher levels of MHC II and the costimulatory molecules
CD80, CD86, and CD40 compared with cells infected with Mig0
(Figure 5C-D). These results provide clear evidence that reexpres-
sion of p15Ink4b in hematopoietic progenitors is able to restore the
differentiation/maturation defects observed in cDCs isolated from
mice with deleted endogenous p15Ink4b.

Increased activity of the PU.1 transcription factor in
p15Ink4b-expressing cells

To gain insight into the molecular mechanism through which
p15Ink4b can modulate the differentiation and maturation of
cDCs, we compared the activation and expression of 2 transcrip-
tion factors, NF
B and PU.1, known to play a critical role in the
regulation of expression of costimulatory molecules.31-33

RAW264.7 cells infected with Mig0 or MigDDp15 were treated
for various times with LPS and analyzed by Western blot. I
B�,
an inhibitor of NF
B, was strongly phosphorylated and rapidly
degraded after 6 minutes of LPS treatment, and the phosphoryla-
tion of NF
B was correlated exactly with degradation of the
inhibitor. We did not detect any differences in activation of the
NF
B–signaling pathway in cells expressing or not expressing
p15Ink4b (Figure 6A). Similarly, we did not detect any signifi-
cant difference in PU.1 protein levels. It was reported recently
that PU.1 plays a critical role in the transcriptional regulation of
the steady-state level of CD80 and CD86.22 Therefore, we
assessed binding of PU.1 to both promoters in vivo using ChIP
analysis. Chromatin complexes were immunoprecipitated from
cells using anti-PU.1 and anti-H3 Abs and analyzed by qPCR
with CD80- or CD86-specific primers. Increased PU.1 binding
to the CD80 and CD86 promoters was detected in cells
expressing DDp15 compared with control (Figure 6B). We then
evaluated the transactivation activity of PU.1 in cells transfected
with a luciferase reporter construct harboring PU.1-binding

Figure 4. p15Ink4b-deficient BM-DCs have decreased immunostimulatory functions. (A) BM-DCs were cultured at 37°C in the presence of FITC-labeled OVA antigen.
Cells incubated at 4°C for 30 minutes with FITC-labeled OVA antigen were used as a negative control. Representative histograms at the 30-minute time point are shown.
(B) BM-DCs from p15Ink4bwt/wt-LysMcre (wt/wt) or p15Ink4bfl/fl-LysMcre (fl/fl) mice were harvested at the indicated times after culture in the presence of OVA. Mean
fluorescence intensity values are indicated. (C) BM-DCs from wt/wt or fl/fl mice were mixed with CFSE-labeled allogeneic T lymphocytes (ratio 1:10 and 1:100) and cocultured
for 5 days. T-cell proliferation was assessed using flow cytometry. Numbers indicate the percentage of CFSElow T cells. Data are shown as means � SD from 3 independent
experiments. (D-E) BM-DCs were activated with LPS (100 ng/mL) in the presence of GolgiStop (BD Biosciences) for 6 hours, stained for surface molecules that were
CD11c�CD11b�, and then analyzed for the expression of TNF-�, IL-12 (D), and IL-10 (E). Cells were fixed and permeabilized according to the BD Cytofix/Cytoperm (BD
Biosciences) protocol. Relative mean fluorescence intensity values from 2 independent experiments (n � 4) are plotted. Data are shown as means � SD. *P 	 .05; n.s.
indicates not significant.
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sites.22 Interestingly, transactivation activity of PU.1 was consid-
erably higher in cells expressing DDp15 compared with control
cells regardless of whether they were treated with LPS (Figure
6C). These experiments identified the PU.1 transcription factor
as one of the critical downstream executors for p15Ink4b,
showing it to be responsible for the increased expression of
CD80 and CD86 in cells.

Elevated phosphorylation of Erk kinases in
p15Ink4b-expressing cells

Transcription factors, including PU.1, are downstream targets of
signal-transduction pathways. It has been shown that PU.1 is
critical for DC development,34,35 and its activity is regulated
directly by protein kinase C � (PKC�) isoform and indirectly by
Erk1/2 during cDC differentiation.23 Therefore, we investigated the
pathways through which p15Ink4b could modulate the transcrip-
tional activity of PU.1 downstream of the LPS ligand TLR4
signaling in RAW264.7 cells. Expression of TLR4 and an impor-
tant downstream mediator, MyD88, were not affected by DDp15
(Figure 7A). However, phosphorylation of Erk1/Erk2 was elevated
in DDp15-expressing cells compared with control cells. Elevated
phosphorylation of Erk1/2 was detected even before stimulation
with LPS and persisted significantly longer after LPS stimulation in
cells expressing DDp15 (Figure 7B). Signal transduction through
another MAPK pathway, as judged by phosphorylation of p38Mapk,
was not affected (Figure 7B). PKC� has been shown to phosphory-
late and activate PU.1 in human BM-DCs.23 Therefore, we
investigated the phosphorylation status of PKC�. Results from
Western blot analysis revealed that PKC� was constitutively
phosphorylated in RAW264.7 cells (Figure 7C). To confirm these
data in primary cells, we sorted p15Ink4bfl/flLysMcre BM-DCs
infected with Mig0 or MigDDp15, treated them with LPS, and
performed Western blot analysis. Consistent with our previous
results, increased and longer-lasting phosphorylation of Erk1/2 in
response to LPS were detected in BM-DCs expressing the p15Ink4b
protein (Figure 7D). We also detected slightly increased phosphor-
ylation of PKC� in BM-DCs expressing DDp15 compared with
control cells. Furthermore, inhibition of Erk1/2 phosphorylation
(Figure 7E) resulted in decreased transcriptional activity of PU.1
(Figure 7F) and suppression of the target genes CD80 and CD86
(Figure 7G), even in the presence of DDp15. These results suggest
that p15Ink4b positively affects the differentiation and maturation
of cDCs at least in part through increased Erk1/2 signaling. This is
required for an optimal activity of the PU.1 transcription factor that
is absolutely essential for the proper development and maturation
of DCs.33-35

Discussion

In the present study, we provide evidence for a novel role of
p15Ink4b in the development of cDCs. Using knockout mice, we
have shown that p15Ink4b affects cDC development in 2 separate
steps. First, early during DC development, p15Ink4b expression
positively modulates CDP differentiation from hematopoietic pro-
genitors, because mice deficient in p15Ink4b had significantly
lower numbers of CDPs compared with wild-type animals. We also
uncovered a second role for p15Ink4b during late stages of
maturation and activation of cDCs, in which the presence of
p15Ink4b accelerates maturation and regulates the expression of
several surface molecules required for the immunostimulatory
function of cDCs. This 2-fold function of p15Ink4b is also
supported by the biphasic induction of its expression, first during
differentiation and later during maturation/activation of BM-DCs.

We showed previously that deletion of p15Ink4b results in
increased numbers of GMPs at the expense of megakaryocyte/
erythroid progenitors, causing mice to develop nonreactive mono-
cytosis as they aged.5,8 Interestingly, this early function for
p15Ink4b during the differentiation of progenitors seems to be

Figure 5. Reexpression of p15Ink4b results in increased differentiation and
maturation of BM-DCs. (A) Lineage-negative cells from p15Ink4bfl/fl-LysMcre mice
were infected with Mig0- or MigDDp15-expressing viruses, FACS sorted for GFP�

cells, and cultured in the presence of GM-CSF (20 ng/mL) and IL-4 (10 ng/mL) for
5 days to generate BM-DCs, which were then FACS analyzed for expression of
CD11c and CD11b. Numbers indicate the percentage of double-positive cells � SD
from 2 independent experiments. (B) Bright-field images of the cells on day 5 of
culture. Scale bars represent 10 �m. (C) BM-DCs were FACS analyzed after
treatment with LPS (100 ng/mL for 16 hours) for expression of MHC II, CD80, CD86,
and CD40 molecules. (D) Bar graphs depicting relative mean fluorescence intensity
values of MHC II, CD80, CD86, and CD40 expression on BM-DCs derived from
p15Ink4bfl/fl-LysMcre progenitors infected with Mig0 MigDDp15. Data are shown as
means � SD of 2 independent experiments. *P 	 .05.
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cell-cycle independent, because CMPs and GMPs from wild-type
or knockout mice proliferate at comparable rates.8 The present
results also do not reveal any significant difference in the prolifera-
tion of DC progenitors isolated from wild-type or knockout mice. It
was reported recently that treatment of hematopoietic progenitors
with TGF-� shifts the differentiation of CDPs toward cDCs
through the induction of instructive factors for cDC development
and the inhibition of factors necessary for pDC development.36

Considering that p15Ink4b is a known downstream target of TGF-�
treatment,37 our present observations suggest that p15Ink4b is one
of the important effectors of TGF-� signaling that modulate cDC
development. This is supported by our observations that the
steady-state levels of splenic and BM CD8� cDCs were also
negatively affected by the deletion of p15Ink4b, whereas pDCs and
CD8� cDC numbers were not.

One hallmark of immature DCs is their ability to acquire soluble
antigen from their surrounding environment continuously.38,39 We
show herein that p15Ink4b is implicated in the endocytic activity of
cDCs. Experiments with OVA peptide reveal a decreased ability to
uptake antigen by BM-DCs lacking p15Ink4b. Efficient endocyto-
sis is an essential step that transforms DCs from cells specialized in
phagocytic uptake into immunostimulatory cells that present
antigen and prime naive T cells.40 Interestingly, deletion of p15Ink4b
also resulted in decreased populations of naive splenic cDCs that
expressed significantly lower levels of MHC I and MHC II
molecules, which are necessary for antigen presentation. Further-
more, BM-DCs from floxed mice failed to mature appropriately
after stimulation with LPS, as judged by their significantly reduced
expression of CD80 and CD86. This partial maturation of cDCs
was further confirmed by their impaired ability to stimulate
allogeneic T-cell proliferation. These data suggest that p15Ink4b
plays a crucial role in the differentiation and maturation processes
of cDCs.

Although p15Ink4b loss is tightly associated with the develop-
ment of AML and MDS1,2 and has been proven experimentally to
be a tumor suppressor in myeloid malignancies,5 its role in disease
progression has not been fully addressed. Our present results
suggest that p15Ink4b loss may also promote a favorable environ-
ment for preleukemic cells to avoid immune clearance during
disease progression by impairing the development of mature,
immunostimulatory cDCs capable of efficient priming of naive
T cells. Interestingly, reintroduction of exogenous p15Ink4b into
BM-DCs derived from knockout mice restored the expression of
cell-surface molecules, and this may have an important practical
implication for DC-based immunotherapies for AML patients. DCs
generated from AML blasts have been shown to retain the
leukemia-associated antigens of the leukemic clone and are consid-
ered to be promising candidates for future vaccination strategies.41

However, the generation of immunostimulatory DCs from leuke-
mic blasts has been shown to vary widely from patient to patient,
and the efficacy of this approach is also limited by the intrinsic
abnormalities of the blasts that affect the differentiation of DCs.42,43

In the present study, we present evidence that restored p15Ink4b
expression in murine BM cells strongly increases the generation of
CD11c�/CD11b� BM-DCs with a mature phenotype. Based on our
results and the observation that p15Ink4b expression is silenced by
methylation in more than 80% of all AML subtypes, reexpression
of this gene using demethylating drugs may lead to significant
improvement of DC-based vaccines prepared from AML patients.
This hypothesis is supported by a recent study in which blasts from
AML patients treated with a DNA hypomethylating agent 5-
azacytidine generated DCs with improved cytokine profile and

immunostimulatory activity.44 We and others have shown that
5-azacytidine treatment successfully reexpresses methylation-
silenced p15Ink4b in blasts isolated from AML patients and

Figure 6. Increased transcriptional activity of PU.1 in cells expressing p15Ink4b.
(A) Cell lysates from RAW264.7 cells expressing empty vector (Mig0) or p15Ink4b
(MigDDp15) and treated with LPS (1 �g/mL) for the indicated periods were analyzed by
Western blot with Abs against the indicated phosphorylated I
B� (Ser-32) or NF-
Bp65
(Ser536) and the total I
B�, NF
Bp65, and PU.1 (Cell Signaling Technology) proteins. The
representative results shown are from the same blot that was stripped and reprobed with
anti-actin. (B) Binding of PU.1 to the CD80 or CD86 promoter in RAW264.7 cells was
evaluated by ChIP assay using qPCR. Results were normalized to histone H3 ChIPs and
are plotted as the -fold enrichment over the normal IgGs. (C) Transcriptional activity of PU.1
was evaluated by dual luciferase reporter assay in RAW264.7 cells transfected with the
PU.1-dependent luciferase reporterpPU.1-Lucconstructand theRenilla luciferasepCMV-RL
construct. Twenty-four hours after transfection, cells were either treated or untreated with
LPS (1 �g/mL) for another 12 hours, then lysed and analyzed for luciferase activity by
luminometry. Data are shown as means � SD from 2 independent experiments. *P 	 .05.
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myeloid cell lines.45,46 However, whereas the presented results in
murine primary cells and our preliminary results with human
AML-derived cell lines (supplemental Figure 4) support a potential
clinical application for immunotherapy, a large experimental study
with primary blasts isolated from AML patients with and without
silenced (methylated) p15INK4b is required to validate this
assumption.

On the molecular level, we have shown herein that the
transcription factor PU.1 is an important downstream target
through which p15Ink4b regulates cDC development and matura-
tion. In agreement with what we observed in p15Ink4b knockout
mice, PU.1-deficient mice also failed to develop CD8��cDCs
in vivo and in vitro, whereas the CD8��cDCs remained uncompro-
mised.34 Recently, Carrota et al35 showed that whereas PU.1
activity is absolutely necessary for the development of both cDCs
and pDCs, higher activity of PU.1 is required for development of
cDCs than for pDCs. Accordingly, mice heterozygous for PU.1 had
significantly decreased numbers of cDCs, whereas pDCs were not
affected. This is in a good agreement with our present results
showing that the lack of p15Ink4b expression results in lower
activity of PU.1 and a concomitant decreased production of

CD8�cDCs, whereas the development of pDCs was not reduced.
Furthermore, increased levels of PU.1 are also found to be
necessary for monocyte commitment into the DC lineage,47 and the
expression of several PU.1 targets, such as CD80, CD86, TNF-�,
CD40, and MHC II,22,48-50 is also decreased in BM-DCs derived
from p15Ink4b-knockout mice, providing additional evidence for a
functional cooperation between PU.1 and p15Ink4b.

It has been shown recently that the transcriptional activity of
PU.1 in BM-DCs depends on the activities of Erk1/2 and PKC�
kinases. Furthermore, whereas PKC� phosphorylates PU.1 di-
rectly, Erk kinases modulate its activity indirectly, probably
through phosphorylation of an unknown PU.1 cofactor.23 The
significantly increased phosphorylation of Erk1/2 kinases in a
p15Ink4b-expressing cell line and in primary BM-DCs suggests
that p15Ink4b regulates the activity of PU.1 through the Erk-
signaling pathway. However, the exact molecular mechanism
through which p15Ink4b affects Erk signaling is not known
presently and further experiments are warranted.

We showed previously that p15Ink4b is directly regulated by
PU.1 in myeloid cells.7 In the present study, we provide the proof
that p15Ink4b can positively modulate the activity of the PU.1

Figure 7. Elevated Erk signaling in cells expressing
p15Ink4b. RAW264.7-Mig0 or RAW264.7-MigDDp15 cells
were treated with LPS (1 �g/mL) for the indicated times,
lysed, and analyzed by Western blot with Abs against
TLR4 (Abgent Technologies); MyD88 and TLR3 (Cell
Signaling Technology) and actin (Santa Cruz Biotechnol-
ogy; A); phospho-Erk1/2(Thr202/Tyr204), Erk1/2, phos-
pho-p38MAPK (Thr180/Tyr182), and p38MAPK (Cell Sig-
naling Technology; B); and phospho-PKC� (Thr505) and
PKC� (Cell Signaling Technology; C). (D) BM-DCs gener-
ated from p15Ink4bfl/fl-LysMcre BM progenitors infected
with Mig- or MigDDp15-expressing retroviruses were
treated with LPS (100 ng/mL) for the indicated times
and analyzed by Western blot with the specified Abs.
(E) RAW264.7-MigDDp15 cells were pretreated with
MEK1/2 inhibitor UO126 (5�M) for 30 minutes before
treatment with LPS (1 �g/mL) for the indicated times,
lysed, and analyzed by Western blot. The representative
results shown are from the same membrane that was
stripped and reprobed. (F) Luciferase reporter assay for
PU.1 was evaluated as described in Figure 6C.
RAW264.7-MigDDp15 cells either treated or untreated
with UO126 (5�M) and LPS (1 �g/mL) for 24 hours were
lysed and analyzed by luminometry. (G) Expression of
CD80, CD86, and GAPDH mRNAs in RAW264.7-
MigDDp15 cells treated or not with UO126 and LPS as
indicated for 6 hours. Data are shown as means � SD
from 2 independent experiments. *P 	 .05.
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transcription factor. This mutual regulation creates a positive
feedback loop that results in amplification of the DC differentiation
signal.

In summary, in the present study, we provide evidence for a
novel function for the tumor suppressor p15Ink4b in cDC develop-
ment. We also suggest that p15Ink4b, through regulation of the
differentiation and maturation of cDCs, may serve as an important
controller of adaptive immunity.
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