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Loss of immune function and increased hematopoietic disease are among the most clinically significant con-
sequences of aging. Hematopoietic stem cells (HSCs) from mice lacking aryl hydrocarbon receptor (AhR) have
high rates of cell division. Studies were designed to test the hypothesis that aging AhR-null allele (AhR-KO) mice
develop premature HSC exhaustion, and changes leading to hematological disease. Compared to wild-type,
aging AhR-KO mice showed a decreased survival rate, splenomegaly, increased circulating white blood cells,
hematopoietic cell accumulation in tissues, and anemia. Analysis of bone marrow indicated increased numbers
of stem/progenitor and lineage-committed cells, but decreased erythroid progenitors. There was also decreased
self-renewal capacity of HSCs determined by competitive repopulation and serial transplantation. HSCs also
showed increased levels of reactive oxygen species (ROS), Ki-67, and g-H2A.X, but decreased p16Ink4a. Splenic
cells from aging KO mice had abnormal expression of genes, including Gata-1, Sh2d3c, Gfi-1, p21, and c-myc,
involved in trafficking and associated with leukemia. HSCs from AhR-KO mice had gene changes related to
HSC maintenance and consistent with phenotype observed. The most prominent gene changes (overexpression
of Srpk2, Creb1, Hes1, mtor, pdp1) have been associated with HSC hyperproliferation, leukemia, and accelerated
aging. Pathway analyses also indicated an enrichment of genes associated with oxidative stress, acute myeloge-
nous leukemia, aging, and heat shock response, and the b-catenin/Wnt pathways. These data indicate that loss of
AhR and associated changes in multiple signaling pathways promote premature HSC exhaustion and develop-
ment of a myeloproliferative disorder. They also implicate a critical role of the AhR in the regulation of HSCs.

Introduction

In response to stress, hematopoietic stem cells (HSCs) can
undergo extensive proliferation and expansion. However,

under normal homeostatic conditions, HSCs are mostly qui-
escent to prevent premature exhaustion and limit their sus-
ceptibility to genetic alterations; thus, preserving the
capability for long-term multi-lineage generation. The pro-
cesses that regulate quiescence, self-renewal, aging, and se-
nescence are not well understood. However, it is clear that
age-related changes take place and these changes contribute
to disease processes that occur at a greater frequency with age.
It is not surprising that age is the single best predictor for the
development of cancer; loss of immune function, and in-
creased incidence of certain leukemias and myelodysplastic
syndromes are some of the most clinically significant conse-
quences of aging [1].

As immune system aging occurs in mice, there is a skew-
ing of lineages toward the myeloid at the expense of lym-
phoid lineages, and aged HSCs regenerate bone marrow
(BM) incompletely after hematopoietic stress [2]. It is likely
that a complex combination of both intrinsic and environ-
mental niche factors mediate age-associated changes in HSCs.
Exposure to DNA-damaging and other agents that may
generate reactive oxygen species (ROS) affect HSC function
and hematopoietic aging [3]. Mice deficient in pathways
responsible for DNA maintenance and repair show pheno-
types that resemble aging [4]. The modified expression of
several molecules, for example, Rb, p21Cip1, p27Kip1, and
p16INK4a, directly coupled to cell-cycle progression and con-
trol mechanisms, has been shown to promote altered HSC
quiescence and premature aging and senescence [2,5]. Simi-
larly, a prolonged increased proportion of actively cycling
HSCs appears to correlate with increased incidence of
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leukemia, lymphoma, and myelodysplastic syndrome in old
age [6].

The aryl hydrocarbon receptor (AhR) is a basic helix-
loop-helix transcription factor originally identified as mediating
the toxicity of a large group of xenobiotics. Due in part to the
ability of these xenobiotic ligands to have potent and persistent
effects on the immune system in experimental animal models
[7], there has been much work to define a physiological role of
the AhR and possible relationships to human disease. Exposure
to environmental AhR ligands, such as polychlorinated biphe-
nyls and dioxins, has been linked with increased incidence of
lymphoma and leukemia [8,9]. Altered expression and activity
of the AhR has been described in human leukemia and lym-
phoma cells [10,11]. Studies have suggested a critical role of the
AhR in the development of T-cell populations that have im-
portant functions in the control of autoimmune disease [12,13].
AhR antagonists are being investigated for their ability to pro-
mote the expansion of human HSCs for potential use in BM
transplants [14]. These latter studies are consistent with other
investigations suggesting a role of the AhR in the regulation of
HSCs [15–18]. However, the mechanisms and actual functional
significance remain unclear.

We have shown that HSCs from young adult AhR-null
allele (AhR-KO) mice have inherently high rates of cell di-
vision [17]. These data, along with others [11,14] are consis-
tent with a hypothesis that the AhR has an important role as
a negative regulator of proliferation by promoting HSCs to
remain quiescent. Based on these findings, we further hy-
pothesize that prolonged loss of AhR may result in sensi-
tivity to stress conditions, premature exhaustion of HSCs
and/or aberrant changes in HSCs leading to hematologic
disease. Together, the data reported here indicate that the
AhR is a key transcription factor controlling signaling path-
ways involved in the regulation of HSCs and their protection
from premature aging and hematopoietic stress.

Materials and Methods

Mice and cell preparations

C57BL/6J AhR-KO mice [19], were obtained from C. Brad-
field and maintained as a breeding colony in the animal care
facility at the University of Rochester.C57BL/6J Wild-type (WT)
mice were used as experimental controls. Handling and exper-
imental procedures were performed in accordance with Uni-
versity of Rochester approved protocols. Femur and tibia BM
from female mice were harvested as previously reported [17].

5-FU treatments

The AhR-KO and WT mice were injected with a single
dose of 5-fluorouracil (5-FU, 150 mg/kg; Sigma) intraperito-
neally. Peripheral blood samples were collected at intervals
from retroorbital plexus and hematological analysis was
done using Heska HemaTrue Hematology Analyzer (Heska
Corporation). Other groups of mice were treated with 5-FU
and euthanized after 6 days for p16Ink4a and ROS assays.

Colony-forming unit assays

Colony Forming Assays were performed using Metho-
Cult� media (StemCell Technologies) according to manu-
facturer’s protocols. HPP-CFCs were quantified and the

Days 8 and 12 colony-forming unit (CFU)-Spleen assays
(CFU-Sd8 and CFU-Sd12) was performed as previously de-
scribed [16].

In vivo phenotyping experiments

Mice were euthanized at various ages by CO2 asphyxiation.
Marrow was harvested as reported [16,17] and lineage de-
pleted before immunophenotyping Lin - cells. HSC-enriched
populations were defined as Lin- /Sca-1 + /c-kit + (LSK) using
c-Kit APC (clone 2B8), Sca-1 PE (clone E13-161.7), and Strep-
tavidin Per-CP (for staining of Lin + cells). For analysis of
lineage positive (Lin+ ) cells, the following antibodies (BD
Biosciences) were used: CD3 FITC (clone 17A2), B220 PerCP-
Cy5.5 (clone RA3-6B2), Mac-1 APC (clone M1/70), Gr-1 APC-
Cy7 (clone RB6-8C5) and Ter-119 PE (clone Ly-76). Cells were
prepared as previously described [17,20] and analysis (50,000
events per sample) performed on a BD FACSCalibur� flow
cytometer and using CellQuest software. The most primitive
populations were defined as HSC, long-term HSC (LT-HSC),
short-term HSC (ST-HSC), multi-potential progenitors, com-
mon lymphoid progenitors, and common myeloid progeni-
tors using surface marker combinations previously reported
[16]. Lin - cells were isolated and stained with antibodies Flt3
PE-Cy5 (clone A2F10), IL-7R PE-Cy7 (clone A7R34), Thy1.2
V450 (clone 53-2.1), FcR PE (clone 93) from eBiosciences and
Sca-1 APC (clone E13-161.7), cKit APC-Cy7 (clone 2B8), CD34
FITC (clone RAM34) from BD Biosciences. The percentage of
erythroid progenitors in BM cells were measured as double-
positive Ter119 APC (clone TER119) and CD71 FITC (clone
C2) cells. Erythroblast subpopulations were quantified as
proerythroblasts (Ter119medCD71high), basophilic erythro-
blasts (Ter119highCD71high), polychromatophilic erythroblasts
(Ter119highCD71med), and orthochromatophilic erythroblasts
(Ter119highCD71low). Analyses of these cells were performed
using a LSRII (BD Biosciences) flow cytometer and FlowJo
software. For ROS measurement, Lin- cells were cultured with
DCFDA (2¢,7¢-dichlorofluorescein diacetate) using DCFDA
Cellular ROS Detection Assay Kit following manufacturer’s
protocol (Abcam, Inc.). After DCFDA staining, cells were
stained for anti Sca-1-V450 and c-Kit-PE-Cy7 antibody (Lin-
Sca-1+ c-Kit). In separate experiments, Lin-cells were stained
for Lin-Sca-1 + c-Kit and fixed and permiabilized using BD
Cytofix/Cytoperm kit and following manufacturer’s protocol
(BD Pharmingen) and stained separately for Ki-67 (anti-Ki-67-
Alexa Fluor 700; BD Pharmingen), p16Ink4a (anti-p16-Alexa
Fluor 488; Santa Cruz Biotechnology) and g-H2A.X [anti-
phospho-Histone H2A.X (Ser139)-FITC; Millipore].

Hematological, histopathological
and immunohistochemical analyses

Peripheral blood was obtained from the retro-orbital plexus
and processed as previously described [16]. RBC and WBC
counts and morphology-based differential WBC counts were
analyzed in 3-, 12-, and 24-month old mice. Tissue sections
were prepared and stained with hematoxylin and eosin for
histological evaluation or for immunohistochemical analysis as
previously described [17]. Slides were incubated with primary
antibody (Ki-67, B220, CD3), secondary antibody conjugated
with horseradish peroxidase, stained with 3,3¢-diaminobenzi-
dine (DAB), and counterstained with Meyers’s hematoxylin.
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Competitive repopulation unit assay and serial BM
transplantation assay

The competitive repopulation unit (CRU) assay is used to
analyze the frequency of donor HSCs able to repopulate re-
cipient BM. This was done using a limiting dilution com-
petitive repopulation assay with slight modification [20].
Five doses (2, 1, 0.5, 0.1, and 0.05 · 106) of BM cells from WT
or AhR-KO mice (CD45.2 + ) along with 2 · 105 BM CD45.1 +

competitor cells were prepared. Recipient CD45.1 + mice
were irradiated (550 + 550 rads, 4 h apart) and 8 mice per
dose of BM cells from both WT and AhR-KO were injected
intravenously. After 20 weeks of transplantation, BM cells
were isolated. These cells were stained with antibodies
[CD45.1 APC (A20) and CD45.2 FITC (104)] (BD Biosciences)
and were analyzed using a FACS Canto (BD Biosciences)
flow cytometer. The presence of more than 1% cells from
donor origin (CD45.2 + ) was considered as positive engraft-
ment. The number of mice negative for reconstitution was
recorded and frequency of HSCs was analyzed using Poisson
statistics [21]. Animals unable to survive up to the end of the
experimental period were excluded from the analysis.

For the serial transplantation assay, BM cells were isolated
from 24-month old mice (CD45.2 + cells), mixed with com-
petitor CD45.1 + cells at a ratio of 1:1 (0.5 · 106 BM cells each),
and injected into the tail vein of irradiated (see paragraph
above) recipient CD45.1 + mice. After 6 weeks, BM cells
(1 · 106) were harvested from primary recipients and injected
into irradiated CD45.1+ secondary recipient mice. This pro-
cedure was the same for the tertiary transplant. BM cells from
primary, secondary, and tertiary CD45.1 + recipients were
analyzed for cells of donor (CD45.2 + ) and recipient (CD45.1 + )
origin. The level of engraftment (% CD45.2+ cells) was de-
termined after 6 weeks of transplantation at every stage.

Real-time PCR array analysis

Quantitative mRNA expression analyses were done using
the RT2-PCR array for Mouse Inflammatory Cytokines and
Receptors (PAMM-011; SABiosciences Corporation). Spleen
samples were snap-frozen in liquid nitrogen. RNA was iso-
lated using RNeasy Mini/Micro Kit (Qiagen), and quantified
using a spectrophotometer (ND-1000; NanoDrop Technolo-
gies). cDNA from 0.5mg of DNAse-treated RNA was prepared
according to manufacturer’s protocol. The RT2 Real TimeTM

SYBR Green PCR Master Mix (SA Biosciences) was used with
the PCR array in a BioRad iCycler. Expression of mRNA for
each gene was normalized using the expression of Hprt,
Gapdh, and Actin b. Values from AhR-KO mice and WT mice
were compared according to the 2 -DDCT method. Results were
considered significant when relative mRNA expression was
two-fold higher or lower than the WT control. Selected gene
changes were validated by RT-qPCR using gene specific
primers/probe (TaqMan Assay; Life Technologies).

Quantitative real-time PCR assay

RNA for real-time PCR was isolated using TRIzol reagent
(Life Technologies) and quantified. First strand cDNA was
produced following the protocol of SuperScriptII First Strand
cDNA Synthesis system (Invitrogen) using 2.5–5mg total
RNA and oligo-dT primers. cDNA samples were phenol/
chloroform extracted and ethanol precipitated. Primers were

from Applied Biosciences. Real-time quantitative PCR was
performed using TaqMan PCR primers and MasterMix
(Applied Biosystems). Real-time detection (Supplementary
Table S1; Supplementary Data are available online at www
.liebertpub.com/scd) and analysis were performed using the
BioRad iCycler and data were analyzed using the standard
curve method (ABI Prism 7700 Sequence Detection System
User Bulletin #2). Samples were run in triplicate and nor-
malized to Gapdh RNA.

Sorting and microarray analysis
of Lin-CD48-CD150 + (SLAM + ) cells

Cells for microarray analyses were obtained by laser-
assisted sorting of lineage depleted cells, prepared as pre-
viously described [20], and stained with fluorochrome
conjugated antibodies against Sca-1 (V450 Clone D7; BD
Pharmingen), cKit (PeCy7 Clone 2B8; BD Pharmingen), CD34
(AF700 Clone Ram34; eBiosciences), CD48 (FITC Clone Hm48-
1; BD Pharmingen), and CD150 (APC Clone 459911; R&D
Systems). Cells were sorted into RNAlater RNA Stabilization
Reagent and placed at - 80�C for submission to the URMC
Functional Genomics Center. Total RNA was isolated from
sorted SLAM + LT-HSCs from young adult mice using an
RNeasy Mini Kit (Qiagen) and microarray analysis was per-
formed using Genechip Mouse Gene 2.0 ST Array (Affymetrix)
at the Functional Genomics Center, University of Rochester.
The Iterplier algorithm was used to generate background-
subtracted, quantile-normalized signals from the raw micro-
array data. These signals were used to compute mean
expression ratios (KO/WT) and P values (two-tailed t-tests)
with Microsoft Excel. Transcripts with a mean difference in
expression of at least 1.5-fold and P < 0.05 were examined for
network/pathway associations by Ingenuity Pathway Analy-
sis (IPA, Ingenuity Systems), which is based on a proprietary
database. Top physiological functions were ascribed to the set
of genes observed to be altered. The microarray data can be
accessed through the Gene Expression Omnibus accession no.
GSE46976. Microarray data were also tested for gene set en-
richment analysis (GSEA, detailed in supporting information).

Statistical analyses

Unless otherwise specified, results were analyzed and
plotted using GraphPad Prism (GraphPad, Inc). When ap-
propriate, two-tailed Student’s t-test was used to analyze
statistical significance. A P-value of < 0.05 was considered to
be statistically significant. A right-tailed Fisher exact test was
used to calculate a P-value to determine the probability that
each biological function or disease assigned to the data set by
IPA is due to chance alone.

Results

Aging AhR-KO mice exhibit physical
and pathological signs characteristic
of a myeloproliferative disorder

Our previous studies observed that HSCs from young
adult AhR-KO mice are inherently hyperproliferative as de-
termined by cell cycle analysis, BrdU incorporation, and
expansion under ex vivo conditions. Consistent with these
data, young AhR-KO mice have increased numbers of HSCs
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with long-term repopulation potential defined by CRU and
competitive engraftment in irradiated animals [17]. Similarly,
there was a robust recovery of BM and lineage cells in AhR-
KO animals after induction of short-term stress with a
single dosage of 5-FU; as expected, the greater cycling rates
of HSCs increased the initial sensitivity to BM cell loss
immediately after injection (Supplementary Fig. S1A).
However, during these investigations we observed an in-
crease in ROS and p16INK4a content in HSC-enriched LSK
cells from AhR-KO mice treated with 5-FU (Supplementary
Fig. S1B, C). Together, these data suggested that AhR loss-
induced increased cycling of HSCs does not deter the
ability of HSCs to functionally respond to short-term stress
conditions. However, this characteristic may confer in-
creased sensitivity to long-term consequences of dysfunc-
tion associated with premature HSC exhaustion. To explore
this, we examined the phenotypic and functional hemato-
poietic, and in particular HSC, characteristics in aging
AhR-KO mice.

AhR-KO mice had a similar survival rate as WT mice until
about 15 months of age (Supplementary Fig. S2). By 24
months, only 33% of the KO mice survived as opposed to
more than 78% of WT mice.

There was profound splenomegaly in 24-month-old mice
with spleen weights and cellularity being over 2- to 4-fold
greater than age-matched WT controls (data not shown).
Histological examination of the spleen revealed a decrease in
the number and area of periarteriolar lymphatic sheath along
with extensive lymphocytic infiltration in the red pulp area
(Supplementary Fig. S3A, B). Increased Ki-67 antibody
staining in spleens from KO mice (Supplementary Fig. S3C,
D) indicated an increased number of proliferating cells. He-
matopoietic cell infiltration and/or proliferation disrupted
the architecture of other tissues, for example, liver, lung,
kidney, and bone (Supplementary Fig. S3E–L).

Aging AhR-KO mice develop a phenotype
of increased circulating white blood cells
but decreased red blood cells

As early as 3 months of age, AhR-KO mice exhibited ele-
vated WBC counts but decreased RBC counts in peripheral
blood (Fig. 1A, B). At 24 months, and consistent with the
increased presence of hematopoietic cells in tissues, the
number of WBC in AhR-KO mice was over 2.5-fold that in
control animals. At 24 months of age, control WT mice
showed a ‘‘myeloid shift,’’ an expected age-dependent in-
crease in the relative percent of neutrophils and a decrease in
the relative percentage of lymphocytes (Fig. 1C, D). Mono-
cytes were significantly higher at 3 and 12 months in AhR-
KO mice, but no difference from WT was observed at 24
months (Fig. 1E). However, the above shift was not observed
in AhR-KO; the number of myeloid and lymphoid cells re-
mained high throughout all months examined mainly due to
the increased total number of WBC without substantial
changes in the relative percentages. Overall, these data
suggest an AhR-dependent loss in the ability to regulate
numbers of immune cells, as well as the age-dependent
skewing that normally occurs.

Loss of AhR produces long lasting alterations
in BM and the stem cell/progenitor compartment

Our previous analyses of 6–8 week-old AhR-KO mice in-
dicated both phenotypic and functional changes in BM he-
matopoietic precursors as indicated by increased number of
lineage-restricted progenitors, increased numbers of LSK
cells, and altered trafficking of these cells after transplant
[17]. At 24 months, consistent with the histopathology, the
number of BM cells in KO mice was about double that in WT
animals (Fig. 2A). Phenotypic analysis indicated an overall

FIG. 1. Aging aryl hydrocarbon receptor (AhR)-KO mice have abnormal changes in peripheral blood cell numbers. Blood
was drawn from the retro-orbital plexus of wild type (WT) and AhR-KO mice and analyzed for total red (A) and white (B)
blood cell counts. Blood film slides were stained with Wright-Giemsa stain for differential counting of WBC (C–E). Data are
shown for 3-, 12-, and 24-month old mice. Data are mean – S.D., n = 4–6 mice/group. *Values significantly different from WT
control (P < 0.05).
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increase in the number of progenitors, as well as lineage-
committed cells (Fig. 2B, C). Similar increases in the total
number of primitive progenitors, that is, LSK and LT-HSC,
were observed in both 3 and 12 month-old AhR-KO mice
(not shown). Notably, consistent with the mild anemia ob-
served, there were significant decreases in the percentages of
erythroid progenitors in BM of 24-month old AhR-KO mice
(Fig. 2D–F). However, AhR-KO mice may not have a sub-
stantial difference in total number of erythroid progenitors, if
the increased total number of BM cells is taken into consid-
eration (Fig. 2A–E). Nevertheless, there was still a significant
decrease in RBC number in peripheral blood in AhR-KO
mice (Fig. 1A) that may be due to defective differentiation
and maturation of erythroid progenitors (Fig. 2E, F).

BM progenitor cells were assessed for their functional
differentiation potential. There were varied and age-
dependent differences in CFU-preB, CFU-GM, CFU-G, CFU-
M, and HPP-CFC (Supplementary Fig. 4B–D), although all of
these, except CFU-M, were significantly increased at 24
months in the BM from KO mice. Consistent with anemia
and the decreased number of erythroid progenitors observed
in AhR deficient animals, there were also decreases in BFU-E
and CFU-E at all ages examined (Supplementary Fig. S4A). A
significant decrease in CFU-Sday8 (Supplementary Fig. S5), an

in vivo assay of myeloerythroid progenitors, is also consis-
tent with these findings.

These data indicate that long-term loss of AhR results in
the uncontrolled ability to produce hematopoietic cells of
most, if not all, nonerythroid lineages at the expense of
erythroid cells.

HSCs from aging AhR-KO mice have decreased
competitive repopulation ability

An increased pool of HSCs that is maintained throughout
the lifetime of AhR-KO mice suggests that the peripheral
accumulation of hematopoietic cells is largely a consequence
of disruption and lack of regulation within the stem/pro-
genitor cell compartment. This is consistent with our findings
showing loss of quiescence and increased cycling of HSCs
lacking AhR [17]. If this persists throughout the lifetime of
these mice, as the data suggest, then we would expect BM,
and particularly HSCs, to undergo early hematopoietic ag-
ing. To test this, we performed a limiting dilution competi-
tive repopulation assay to determine the self-renewal
capability of HSCs from 24-month old AhR-KO mice. The
CRU frequency in the BM of AhR-KO mice was significantly
decreased, indicating that HSCs from these animals have

FIG. 2. Twenty-four month
old AhR-KO mice have in-
creased numbers of bone mar-
row (BM) cells and primitive
progenitor cells. BM cells were
counted (A) and analyzed by
flow cytometry to define line-
age-committed cells (B) and
primitive progenitors (C). Data
are mean of total cells in BM –
S.D (n = 4). Erythroid differen-
tiation within BM was further
analyzed using Ter119 and
CD71 antibodies, according to
the scheme shown in (D).
(E) Erythroid progenitors
(Ter119 + CD71 + ), and (F)
proerythroblasts (Ter119-
medCD71high) basophilic
erythroblasts (Ter119-
highCD71high), polychromato-
philic erythroblasts
(Ter119highCD71med) and or-
thochromatophilic erythro-
blasts (Ter119highCD71low)
were identified. Data are
mean – S.D. *Values signifi-
cantly different from control
(P < 0.05).
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lower repopulation potential (Fig. 3A). To test this further,
we performed serial transplants of HSCs. The serial re-
population ability of BM from AhR-KO mice was dramati-
cally reduced in primary and secondary recipients (Fig. 3B).
The tertiary recipient showed further reduced repopulation
ability and only 2 mice transplanted with AhR-KO cells
survived (data not shown).

LSK cells from aging AhR-KO mice have changes
in intracellular levels of Ki67, ROS, p16Ink4a,
and c-H2A.X

LSK cells from aging AhR-KO mice were found to have
increased Ki67 staining, indicating increased proliferation
(Fig. 4A). Consistent with what others have observed in BM
cells from young adult AhR-KO mice [18], LSK cells from

aging AhR-KO animals have significantly elevated ROS
levels (Fig. 4B). Activation of the INK4a locus contributes to
cell aging and exhaustion, and elevation of p16Ink4a has been
suggested to be a marker of aging and senescent HSCs that
may escape apoptosis and accumulate DNA damage [22]. In
contrast to what we observed in younger KO mice treated
with 5-FU (Supplementary Fig. S1), the p16Ink4a levels were
significantly lower in LSK cells from aging AhR-KO mice
(Fig. 4C). A small but significant increase in g-H2A.X level
was also observed in LSK cells of aging AhR-KO mice (Fig.
4D) indicating an increase in DNA damage.

Splenocytes from aging AhR-KO mice
have abnormal expression of several leukemia-
associated genes, as well as those involved
in development and trafficking

The above studies indicate that premature hematopoietic
aging occurs in mice that are AhR deficient. These data along
with the observed splenomegaly, increased Ki67 antibody
staining, and that the splenomegaly can be transplanted into
irradiated animals using HSCs/progenitors from KO mice
[17], suggests that AhR deficiency promotes an uncontrolled
growth and/or accumulation of cells in the hematopoietic
compartment. RT-PCR arrays were used to analyze the
mRNA expression profile in splenocytes from 24 month-old
KO mice. These analyses showed a greater than two-fold
increase in 21 genes and two-fold decrease in 11 genes as-
sociated with the development and trafficking (Fig. 5A–E).
We also observed a significant downregulation of the
leukemia-associated genes Gata-1, Sh2d3C, Gfi-1, p21, and
c-Myc (Fig. 5F). We previously reported that young adult
AhR-KO mice, also exhibiting splenomegaly, had an increase
in spleen cells expressing B220( + ) and Mac-1( + ) [17]. How-
ever, the relative percentage of B220( + ) and Mac-1( + ) cells in
spleen did not change dramatically between WT and AhR-KO
mice. Nevertheless, we did not perform a phenotypic analysis
of spleen cells in 2-year old AhR-KO mice, and it is possible
that some changes in cellular populations/subpopulations,
may be responsible, at least in part, for these gene differences.

SLAM + (LSK CD34- CD48- CD150 + ) BM cells
from young AhR-KO mice have changes in global
gene expression profiles

We sought to determine gene changes in HSCs lacking
AhR that may promote premature exhaustion. The global
gene expression profile of SLAM + cells from young adult
KO and WT mice were examined. Significant changes in a
total of 673 genes were observed in AhR-KO HSCs compared
to WT controls. The top 50 differential global gene changes
are represented in a hierarchical clustering are shown in Fig.
6A. The detailed differential gene expression profiles of top
20 genes are presented in Supplementary Tables S2 and S3.
HSCs from AhR-KO mice had changes in genes within Gene
Ontology categories related to cellular development, func-
tion and maintenance, cell death and survival, cell to cell
signaling and interactions, cellular movement, hematological
system development and function, as well as lymphoid tis-
sue development and hematopoiesis (Fig. 6B). There was a
significant upregulation of genes associated with leukemia
and abnormal proliferation (Srpk2, Mir170, Creb1), increased

FIG. 3. Twenty-four month old AhR-KO mouse BM cells
have decreased long-term competitive repopulation units
(CRU) and competitive repopulation ability. (A) Five sepa-
rate doses of donor CD45.2 + BM cells (2, 1, 0.5, 0.1, and
0.05 · 106) from WT or AhR-KO mice along with 2 · 105 BM
cells from competitive donor mice (CD45.1 + ) were injected
into irradiated CD45.1 + mice (8 per cell dose per group).
Recipient BM cells were analyzed after 20 weeks. (B) Donor
BM cells from 24-month old WT and AhR-KO mice were
mixed with competitor (CD45.1 + ) cells at a ratio of 1:1
(0.5 · 106 cells each) and injected into irradiated CD45.1 +

recipients (6 each for WT and KO). Subsequent serial trans-
plant of BM cells harvested after 6 weeks of transplantation
were performed as described in Materials and Methods. BM
cells were analyzed for cells of donor (CD45.2 + ) and recipi-
ent origin (CD45.1 + ) at each stage of transplantation. Data
are presented as mean – S.D. *Values significantly different
from control (P < 0.05).
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levels of y-H2A.X and proliferation and aging (Rad50), and
aging-associated decline in functions of HSCs (mTOR). Sig-
nificant downregulation of Stra13 was also observed. Over-
expression of Stra13 has been shown to protect cells from
oxidative stress, while downregulation increases sensitivity
[23]. These gene changes support our findings of increased
staining of Ki-67, DCFDA, and y-H2A.X in LSK cells of AhR-
KO mice and myeloproliferative-like pathology. Changes in
expression of Bcl6 and Ccl1 in spleen and mTor and Stra13 in
SLAM + BM cells were validated by RT-PCR (Supplemen-
tary Fig. S7). Using GSEA, the up- and downregulated genes
in SLAM + cells were compared with published gene sets
representing different pathways and conditions. It is notable
that gene sets showing significant enrichment (Fig. 6C) in-
cluded those that are regulated by oxidative stress, acute
myelogenous leukemia, aging and heat shock response, and
the b-catenin/Wnt pathways. The latter are particularly in-
teresting given the demonstrated importance of these sig-
naling pathways in HSC regulation and aging. The detailed
GSEA comparative reports are shown in Supplementary
Tables S4–S11.

Discussion

The AhR is known for its ability to mediate the toxicity
and carcinogenicity of a family of environmental contami-
nants, the most potent being 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD). Increased incidence of leukemia and
lymphoma has been associated with exposure of humans to

TCDD and related xenobiotics [8,9], and TCDD is classified
as a human carcinogen. Tumors develop in diverse tissues
after chronic exposure of rodents to TCDD [24], and the in
utero exposure of mice to polycyclic aromatic hydrocarbons
produces lymphoma in an AhR-dependent manner [25].
However, loss of AhR has also been associated with in-
creased tumorigenesis [24], and several studies have sug-
gested that AhR functions as a tumor suppressor gene [26].
Silencing of the Ahr gene by hypermethylation was reported
in cases of human acute lymphoblastic leukemia [11].

The data reported here demonstrate that lack of AhR ex-
pression results in long-lasting effects in the hematopoietic
compartment that are characterized by increased prolifera-
tion and accumulation of hematopoietic cells, and premature
HSC aging. All of the observations, including hyperproli-
feration of HSCs [17], decreased CRU, decreased competitive
ability of HSCs in serial transplants, anemia, abnormal tissue
accumulation of hematopoietic cells, as well as decreased
survival are consistent with this. Overall, these data, and
others [11,14–18], implicate a critical role of the AhR in the
regulation of HSCs, and more specifically the balance be-
tween quiescence and proliferation. It appears that lack of
AhR expression and/or activity allows HSCs to escape from
quiescence, lose control over signals that limit proliferation
and differentiation, and this ultimately results in premature
stem cell aging. As aging occurs, all of these events increase
the risk for development of myeloproliferative disease and
cancer. It has been shown that loss of quiescence can lead to
HSC engraftment defects, HSC exhaustion, and eventually to

FIG. 4. Lin - /Sca-1 + /c-kit + (LSK) cells from aging KO mice have altered levels of reactive oxygen species (ROS) (DCFDA
staining), Ki-67, p16Ink4a and g-H2A.X. Lin- cells from 1.5 year old mice (n = 5–8) were isolated and used for separate
experiments for each endpoint as described in Material and Methods. Stained Lin- cells were gated for LSK cells as shown in
Supplementary Fig. S6, and mean fluorescence intensity (MFI) profiles of individual antibody staining were generated (A–D).
MFI data for LSK cells from separate groups were generated and presented as mean – S.D (A–D). *Values significantly
different from control (P < 0.05).
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the development of myeloproliferative disease and leukemia
[27]. Since the increased proportion of actively cycling stem
cells correlates with increased incidence of leukemia, lym-
phoma and myelodysplastic syndrome in old age [1,2], it is
tempting to speculate that dysregulation of AhR may be one
factor contributing to the development of these diseases in
humans. A previous report indicated an earlier onset of
neoplasms, particularly lymphomas, in AhR-KO mice [18].
Furthermore, the AhR is active in regulating the expansion of
human HSCs [14].

Previous investigations indicate a genetic regulation of
HSC exhaustion in mice, and a role of HSC exhaustion in the
aging process [28]. Furthermore, there appears to be a neg-
ative correlation between the mean lifespan of various mouse
strains and the replication rates of HSC [29]. Notably, a
grouping of some mouse strains correlated with differences
in longevity [30] also corresponds to different Ahr poly-
morphisms. For example, the C57BL/6 and 129Sv strains are
characterized by low HSC cycling rates and long lifespan,
and also possess a high affinity AhR protein (ie, high affinity
for TCDD). Other strains, DBA/2 and AKR, which are
characterized by high cycling rates and shorter lifespan,
possess a low affinity AhR [29–31]. Here and elsewhere we
show that lack of AhR expression in C57BL/6 mice results in
increased and uncontrolled HSC cycling [17], shorter life-
span, and eventually the development of premature HSC
aging. It remains to be determined whether the relationships

among Ahr genotype, HSC cycling, lifespan, and develop-
ment of hematopoietic disease are causal.

Previous studies showing that HSCs/progenitors from
AhR-KO mice proliferate more rapidly ex vivo compared to
cells from control littermates [17] are consistent with altered
characteristics being dependent on lack of AhR presence in
these cells and not on the niche environment in the global
KO mouse. However, it is unclear whether these HSC char-
acteristics are due to inherent changes in HSC signaling
pathways and/or programmed changes in cellular charac-
teristics and/or sensitivity to signals in the HSC AhR-
deficient environment that are also responsible for the
maintenance of stem cell function. For example, altered TGF-
b and retinoic acid levels have been reported in AhR-KO
mice, and a role of these factors has been established in
normal and malignant hematopoiesis [32,33]. Additional
studies with targeted AhR deletions should help to address
the relative contributions of altered signaling pathways in
HSCs and the BM niche. Nevertheless, our data clearly
demonstrate a molecular phenotype in hematopoietic cells
from aging AhR-KO mice that is conducive to premature
exhaustion and development of hematopoietic disease. The
mRNA analyses of splenic cells revealed modified expression
of many genes, for example, Ccl1, IL-8rb/Cxcr2, and Bcl6, that
affect the development, proliferation and trafficking of these
cells. Besides being a potent chemoattractant for monocytes
and lymphocytes and playing a major role in inflammatory

FIG. 5. Splenic cells from 24-month old AhR-KO mice have changes in gene expression. Quantitative real-time PCR Arrays
were used for mRNA analyses of inflammatory chemokines (A), chemokine receptors (B), cytokine (C), cytokine receptors
(D), and other inflammatory genes (E). Data were obtained from RNA pooled from three WT and KO spleens. Quantitative
real-time PCR was used for analyses of mRNA expression of leukemia-associated genes (F). The dots represent data from one
independent experiment using pooled mRNA from three WT and KO spleens. The averages of two independent experiments
are represented as lines. Fold changes are expressed relative to WT mice, using GAPDH as endogenous control.
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diseases, Ccl1 is an antiapoptotic factor supporting the sur-
vival of human lymphoma cells [34]. IL-8rb is known to be
involved in lymphocyte homing and trafficking, and IL-8rb-
KO mice develop splenomegaly [35]. Bcl6 is a proto-
oncoprotein that can bind and repress several oncogenes,

including the antiapoptotic genes Bcl2, Mcl1, and Bcl2a1 [36].
This, in part, along with the increased expression of Ccl1,
may contribute to the observed increased accumulation and
survival of hematopoietic cells. Importantly, we also ob-
served the altered expression of several genes (Gfi-1, S2d3c,

FIG. 6. Global gene microarray of SLAM + cells from AhR-KO mice showed significant changes in gene expression profiles in
comparison to WT mice. (A) Heat map of gene expression of the top 50 gene changed genes in AhR-KO and WT mice. (B)
Enrichment score for Gene Ontology categories in the set of differentially expressed genes indicate that AhR-KO mice have
significant changes in genes regulating hematopoiesis, hematopoietic development and other cellular functions. (C) Genes up- and
downregulated in sorted SLAM + cells from AhR-KO versus WT and were further compared with published gene sets using gene
set enrichment analysis (GSEA). Upregulated (top row) and downregulated (bottom row). The genes differentially regulated in
Hematopoietic stem cells (HSCs) from AhR-KO mice were enriched for genes in the following published gene sets: genes in the
human 18S U11/U12 snRNP not found in the U2-dependent spliceosome (Fig. C1), genes regulated by the exposure of cultured
aortic endothelial cells to oxidized phospholipids (Fig. C2), genes representing an expression signature for acute myelogenous
leukemia (Fig. C3), genes differentially regulated in human thymus compared to other human tissues (Fig. C4), those genes
differentially changed in human peripheral lymphocytes by aging and heat shock response (Fig. C5), genes involved in the
regulation of adult germline stem cells (Fig. C6), genes in the canonical Wnt pathway (Fig. C7), and genes in the canonical pathway
for b-catenin degradation (Fig. C8) [See References in Supplementary Information section: Gene expression Analysis].
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Gata-1, c-myc, and p21) whose modified expression is asso-
ciated with altered HSC self-renewal and differentiation,
HSC exhaustion, as well as leukemia and/or predisposition
to leukemia [37–39].

HSCs from aging AhR-KO mice demonstrated molecular
changes associated with premature exhaustion. A marked
increase in DCFDA staining in progenitors/HSCs from aged
KO mice (Fig. 4) indicates a loss of control of ROS levels.
Delicate control of ROS is crucial for HSC maintenance, and
prolonged elevation of ROS is associated with DNA damage,
loss of quiescence, alterations in cell cycle, aging, and the
development of a myeloproliferative disorder [40], all of
which we observed in AhR-KO animals. An unexpected
finding was the decreased expression of p16Ink4a in KO
HSCs. The expression of this protein in most cells is in-
creased with age and this is thought to confer protection
against growth defects and cancer by inducing senescence in
response to the lifetime accumulation of stressors, such as
DNA damage and ROS [22]. However, there is a reported
decreased expression with age in human acute myeloid
leukemia and the suggestion that the suppression of defense
mechanisms that protect older cells against cellular damage
may facilitate oncogenesis [41]. As such, our finding of a
somewhat ‘‘paradoxical’’ decrease in p16Ink4a expression in
HSCs from AhR-KO mice is actually consistent with the
phenotype we observed, as well as the reported early and
increased incidence of neoplasms in these animals [18].

Additional analyses indicated that AhR-KO mice develop
genomic changes at an early age that likely lead or contribute
to the phenotypic changes observed in aging AhR-KO mice.
Microarray global gene analysis of SLAM + cells of young
adult AhR-KO mice showed significant alterations in many
genes, that is, Srpk2, Rad50, mTOR, Creb1, Hes1, Pdp-1, and
Stra13, related to various aspects of HSC maintenance. The
most prominent gene changes (overexpression of Srpk2,
Creb1, Hes1) have been associated with HSC hyperproli-
feration and leukemia [42–44]. mTOR is a critical transcrip-
tion factor that coordinates responses to a variety of signals,
such as insulin-receptor activation or nutrient, amino acid,
and oxygen availability. Upregulation of mTOR is known to
accelerate the aging process and increases susceptibility to
aging associated diseases [45]. Pdp-1 is a negative modulator
of the insulin/IGF-1 signaling pathway and in coordination
with TGFb regulates longevity, development and metabo-
lism [46]. Stra13 has been shown to protect cells from oxi-
dative damage [23]. Notably, we observed a 3.5-fold
downregulation of Stra13 in HSCs from aged AhR-KO ani-
mals consistent with the finding of enhanced ROS accumu-
lation in LSK cells. We also observed a significant increase in
Rad50 mRNA, the product of which is involved in double-
strand break repair [47]. The combination of substantially
increased ROS and also increased Rad50 expression may
have contributed to the relatively small, but significant, in-
crease in g-H2A.X in LSK cells from KO mice.

All of the above data are consistent with the interpretation
that a lifetime of altered signaling pathways in HSCs lacking
AhR results in functional changes that affect the prolifera-
tion, cell death, and/or accumulation of hematopoietic cells
ultimately leading to the premature exhaustion, and a mye-
loproliferative disorder.

More work is clearly needed to define these relationships,
as well as dissect the signaling pathways directly regulated

by the AhR that determine HSC characteristics and function.
Notably, of the 65 genes significantly changed in young
AhR-KO mice (with a fold-change in expression of > 1.5 and
a P-value < 0.01), 31% (21/65) (including Plekhg3, Creb1, and
Stra13) possess putative AhR response elements. A very re-
cent study has been done to analyze regulators of HSC-
specific gene expression and the proximal promoters of 322
HSC-enriched genes. Four motifs were identified as putative
binding sites for transcription factors (EGR1, SOX4, AhR and
STAT1) that are important in the control of genes playing a
critical role in HSCs [48]. This study supports our hypothesis
that the AhR plays a very important role in HSC functions.
Ultimately, however, the cellular and molecular changes that
we describe here and elsewhere [20] suggest a complex
crosstalk between the AhR and pathways associated with
HSC quiescence and proliferation. The persistence of changes
induced by AhR dysregulation may elicit other degenerative
modifications, for example, epigenetic and/or genetic, in he-
matopoietic cell regulatory pathways (eg, b-catenin/Wnt; see
Fig. 6) that alter their ability to sense their microenvironment,
alter trafficking behavior, and promote hematological disease.
As such, the AhR appears to be a key cofactor in the regu-
lation of HSCs and their protection from long-term hemato-
poietic stress, premature aging, and age-related disease.
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