
The aryl hydrocarbon receptor (AHR) transcription factor
regulates megakaryocytic polyploidization

Well-known as a ‘toxin sensor’, the aryl hydrocarbon receptor

(AHR) is a member of the Per-Arnt-Sim (PAS) family of

basic helix-loop-helix transcription factor family, and is

involved in the mechanism of action of various environmen-

tal toxins, presumably by altering cell cycle regulation (Ma &

Whitlock, 1996). While AHR is highly conserved throughout

evolution (even in organisms, such as Caenorhabditis elegans,

that are insensitive to canonical AHR toxic ligands), an

endogenous ligand and physiological role for AHR has, for

the most part, eluded researchers (Nguyen & Bradfield, 2008).

Despite lacking a clear endogenous ligand, AHR appears to

play a role in the differentiation of many developmental

pathways, including T-cells (Quintana et al, 2008), neurons

(Akahoshi et al, 2006) and hepatocytes (Walisser et al, 2005).

AHR antagonists have been shown to promote haematopoi-

etic stem cell expansion and treatments with AHR agonists

demonstrate a key role of AHR in haematopoietic stem-cell

biology (Singh et al, 2009; Boitano et al, 2010), supporting

our hypothesis that AHR plays an important developmental

role beyond toxicology, especially within the haematopoietic

compartment. Although no platelet defects have been

reported in AHR-null mice, these mice develop extramedul-

lary haematopoiesis similar to GATA1low mice (Schmidt et al,

1996; Vannucchi et al, 2002). Furthermore, the AHR signal-

ing pathway regulates many several important regulators of

megakaryopoiesis, including NRF2, a key activator of stress-

responsive genes recently shown to compete with NF-E2

during megakaryocytic (Mk) differentiation (Miao et al,

2005; Motohashi et al, 2010) and survivin (Kang & Altieri,

2006; Vargiolu et al, 2009). In addition, exposure to toxic

waste containing known AHR ligands results in significantly

higher platelet counts (Webb et al, 1987), and a 2001 study of

Stephan Lindsey and Eleftherios

T. Papoutsakis

Department of Chemical Engineering and

Delaware Biotechnology Institute, University of

Delaware, Newark, DE, USA

Received 17 September 2010, accepted for

publication 16 November 2010

Correspondence: Stephan Lindsey, PhD,

Department of Chemical Engineering and

Delaware Biotechnology Institute, University of

Delaware, 15 Innovation Way, Newark, DE

19711, USA.

E-mail: slindsey@udel.edu

Summary

We propose that the aryl hydrocarbon receptor (AHR) is a novel

transcriptional regulator of megakaryopoietic polyploidization. Functional

evidence was obtained that AHR impacts in vivo megakaryocytic

differentiation and maturation; compared to wild-type mice, AHR-null

mice had lower platelet counts, fewer numbers of newly synthesized platelets,

increased bleeding times and lower-ploidy megakaryocytes (Mks). AHR

mRNA increased 3Æ6-fold during ex vivo megakaryocytic differentiation, but

reduced or remained constant during parallel isogenic granulocytic or

erythroid differentiation. We interrogated the role of AHR in

megakaryopoiesis using a validated Mk model of megakaryopoiesis, the

human megakaryoblastic leukaemia CHRF cell line. Upon CHRF Mk

differentiation, AHR mRNA and protein levels increased, AHR protein

shifted from the cytoplasm to the nucleus and AHR binding to its consensus

DNA binding sequence increased. Protein and mRNA levels of the AHR

transcriptional target HES1 also increased. Mk differentiation of CHRF cells

where AHR or HES1 was knocked-down using RNAi resulted in lower ploidy

distributions and cells that were incapable of reaching ploidy classes ‡16n.

AHR knockdown also resulted in increased DNA synthesis of lower ploidy

cells, without impacting apoptosis. Together, these data support a role for

AHR in Mk polyploidization and in vivo platelet function, and warrant

further detailed investigations.

Keywords: megakaryocytopoiesis, thrombopoietin, cell biology, transcrip-

tion factors, haematopoiesis.
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Vietnam veterans found that those exposed to high levels of

2,3,7,8-Tetrachlorodibenzodioxin (TCDD; an identified AHR

ligand) had increased platelet counts proportional to the dose

they had received (Michalek et al, 2001). While correlative,

these studies offer the intriguing possibility that AHR

modulates platelet production.

Other studies found that AHR ligands do not alter

megakaryocyte (Mk) numbers or morphology, yet result in

decreased platelet numbers (Weissberg & Zinkl, 1973), and

that perinatal exposure to dioxin results in decreased platelet

counts inversely proportional to the amount of dioxin

exposure (Pluim et al, 1994; ten Tusscher et al, 2003). These

contradictory findings suggest that either the effects of

toxicological AHR ligands are context- and developmental

stage-dependent, or that there is unknown cross-talk

between AHR and other signaling pathways. They also

highlight the artificial nature of toxicological ligands, and

point to the need to identify endogenous ligands before the

physiological role of AHR can be determined. Based on these

observations, we chose to further investigate the role of AHR

during Mk differentiation and maturation. The first goal of

this study was to determine whether AHR expression

supports the hypothesis that AHR plays a role in megak-

aryopoiesis. The second goal, using AHR-null mice, was to

test if AHR affects in vivo platelet production and function.

The third goal was to investigate whether RNAi-mediated

reduction of AHR expression in CHRF cells [a human

megakaryoblastic leukaemia cell line model of human Mk

differentiation (Fuhrken et al, 2007)] results in decreased Mk

polyploidization, possibly explaining any decreased platelet

production.

Previous investigations employed a genome wide approach

to identify genes upregulated during Mk differentiation of

human CD34+ cells (Chen et al, 2007). During these

microarray experiments, AHR expression increased two to

threefold as megakaropoiesis progressed, while parallel

isogenic granulocyic cells demonstrated a twofold decrease

in AHR expression. Increased AHR expression was Mk-

specific, as expression was 4–7 higher in Mks than isogenic,

cultured granulocytic (G) cells derived from the same CD34+

cultures.

Materials and methods

Differentiation of primary human cells

Cultures were initiated in T flasks with previously frozen

CD34+ cells isolated from granulocyte colony-stimulating

factor (G-CSF) mobilized human peripheral blood (enriched

by magnetic bead isolation to greater than 95% purity by the

Fred Hutchinson Cancer Research Center; Seattle, WA). All

cytokines were purchased from Peprotech (Rocky Hill, NJ,

USA) unless otherwise noted. Mk cultures were maintained at

a concentration between 100 000 and 300 000 cells/ml and

supplemented with 100 ng/ml thrombopoietin (Tpo) to

induce Mk differentiation as described (Giammona et al,

2006). Granulocytic cultures were maintained at a concentra-

tion between 30 000 and 300 000 cells/ml in human long-term

media (HLTM) supplemented with 10 ng/ml interleukin

(IL)-3, 10 ng/ml IL-6, 10 ng/ml G-CSF and 50 ng/ml stem

cell factor (SCF) (Hevehan et al, 2000). Erythroid cultures

were maintained at a concentration between 100 000 and

400 000 cells/ml in HLTM supplemented with 10 ng/ml IL-3,

10 ng/ml IL-6, 50 ng/ml SCF and 3 u/ml Erythropoietin [Cell

Sciences (McAdams et al, 1998)].

CHRF differentiation. CHRF cells (Fuhrken et al, 2007) were

maintained at 50 000–75 000 cells/ml and differentiated

toward the Mk lineage with 10 ng/ml phorbol myristate

acetate (PMA) in dimethyl sulfoxide (DMSO). At designated

time-points, cells were washed twice with phosphate-buffered

saline (PBS) and harvested using 1· cell dissociation buffer

(PBS with 1 mmol/l EDTA). Adherent and non-adherent cell

fractions were combined for all analyses.

Quantitative reverse transcription polymerase chain
reaction (Q-RT-PCR)

Q-RT-PCR was performed using the High-Capacity cDNA

Archive kit and Assays-on-Demand Taqman kit following the

manufacturer’s protocols (Applied Biosystems; Foster City, CA,

USA), with slight modifications (Fuhrken et al, 2008a). The

Applied Biosystems primer sets used were: Hs00169233_m1

(AHR), Hs00172878_m1 (HES1), Hs99999908_m1 (GUSBb)

and Hs99999902_m1 (RPLP0). A serial dilution of a reference

sample (an equal-mass mixture of all samples to be tested)

was used to verify linearity of the assay and cycle threshold

values were determined and converted to starting mass

units (SMU) using iCycler software (Bio-Rad, Hercules, CA,

USA).

Western blot analysis

For total cell lysates, cell pellets were lysed by boiling in 2·
sodium dodecyl sulphate (SDS) sample buffer. Lysate proteins

(20 lg) were separated by SDS-polyacrylamide gel electropho-

resis (SDS-PAGE) and transferred to nitrocellulose according

to standard techniques. Western blots were serially probed

with antibodies to AHR, HES1 and either beta-actin or

glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz

Biotechnologies, Santa Cruz, CA, USA) as loading controls.

Densitometry analysis was performed using ImageJ Software

version 1.38 (NIH, Bethesda, MD, USA). Nuclear extract

proteins were isolated from CHRF cells by the method of

Dignam et al (1983) with protease inhibitors as described

(Lindsey et al, 2007). Western blots for HDAC1 and FAK

(Abcam, Cambridge, MA, USA) verified that there was no

contamination between the fractions. In some experiments,

CHRF cells were differentiated into Mks with 10 ng/ml PMA

before nuclear-protein isolation.
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Electromobility shift assay (EMSA)

EMSA analyses were carried out as described (Lindsey et al,

2005) using an EMSA kit (Panomics, Santa Clara, CA, USA)

following manufacturer’s instructions. The biotinylated

probes used were based on published DNA recognition

sequences (Denison et al, 1988) and designed to represent

either an AHR consensus binding sequence (5¢-
GGGGATCGCGTGACAACC-3¢) or the region corresponding

to the putative AHR binding site within the HES1 promoter

(ACGAGCCGTTCGCGTGCAGTCCCAG); putative AHR

DNA recognition sites are underlined. Nuclear extracts used

in these experiments were prepared as described. In each

sample, nuclear extract proteins were incubated with bioti-

nylated oligonucleotides; some samples were preincubated

with unlabeled consensus binding sequence oligonucleotides

to verify band specificity. Control samples were incubated

with antibodies toward AHR or glutathione S-transferase

(Santa Cruz Biotechnologies). Separation of bound and free

probe was achieved by electrophoresis using a 6Æ0% nonde-

naturing polyacrylamide gel, and the protein-DNA complexes

were transferred to a Biodyne B nylon membrane (Pall, Port

Washington, NY, USA). Protein-DNA complexes were

detected using streptavidin-horseradish peroxidase and visu-

alized after exposure to Hyperfilm enhanced chemilumines-

cence film (GE Healthcare Biosciences, Piscataway, NJ, USA).

Densitometry analysis was performed on probe-specific

region(s) and normalized to the amount of probe present

in each sample using ImageJ software.

Chromatin Immunoprecipitation

CHRF cells were cultured with or without PMA for 7 d as

described above. Cells for chromatin immunoprecipitation

were incubated with formaldehyde prior to lysis, and lysates

were sonicated to generate chromatin fragments with an

average size of 200 kb as described (Lindsey et al, 2007).

Lysates underwent immunoprecipitation with either antibod-

ies toward AHR or Immunoglobin G. Coprecipitated chro-

matin was analyzed by PCR for AHR-specific antibody

coprecipitation of the HES1 gene promoter using the following

primers: HES1 F – 5¢-CTGTGGGAAAGAAAGTTTGGGAAG-

3¢; HES1 R – 5¢-GCTCCGGATCCTGTGTGATCC-3¢. For these

experiments, input chromatin was used as a positive control

and chromatin precipitated by Immunoglobin G was used as a

negative control. PCR products were analyzed by acrylamide

gel electrophoresis.

Mice

AHR-null mice were previously generated and kindly provided

by Dr. Christopher Bradfield (Schmidt et al, 1996). Mice

homozygous (AHR)/)) and heterozygous (AHR+/)) for the

null allele were generated by intercrossing AHR)/) male mice

with AHR+/) female mice. These mice have been backcrossed

for 20 generations to the C57BL6/J background and wild-type

(WT) mice are indistinguishable from littermate control mice.

Therefore, age-matched WT C57BL6/J mice (Jackson Labora-

tory, Bar Harbor, ME, USA) serve as control mice for these

studies. The current research compared only female mice,

although we observed similar effects between male mice (data

not shown).

Murine experiments

Bleeding time assays were performed as described (Jirouskova

et al, 2007). Briefly, mice were anesthetized prior to surgery by

inhalation of 4–5% isoflurane and tails were immersed for

5 min in 37�C saline to dilate the blood vessels. The distal

3 mm of the tail was removed with a scalpel and the tail was

immersed in 37�C saline. Times reported represent the time

from immersion in saline to the point when primary blood

flow was no longer seen; these experiments were stopped after

10 min to minimize blood loss and trauma to the mice. The

volume of blood loss was measured by comparing the

absorbance at 560 nm of 1 ml of buffer obtained after

10 min of bleeding from the tail with a standard curve

constructed from absorbencies of known volumes of blood

(Jirouskova et al, 2007).

Platelet enumeration and flow cytometric measurement of
reticulated platelets

Peripheral blood was collected from the retro-orbital sinus

cavity of mice and platelets were enumerated using a

Unopette capillary blood collection system (Becton Dickin-

son, Franklin Lakes, NJ, USA) as described (Konieczna et al,

2008; Wang et al, 2009). Cytometric detection [using a

FACSAria flow cytometer (BD Biosciences, San Jose, CA)

with FACSDiva software (BD Biosciences] of reticulated

platelets used thiazole orange, as described (Ault et al, 1992).

Briefly, whole blood was stained with thiazole orange and

anti-CD41 phycoerythrin (PE). Forward scatter, photomulti-

plier tube/sideways scatter and CD41 expression was used to

establish platelet gates and the percentage of thiazole orange

incorporation was assessed.

Design of microRNA-adapted shRNAs. RNAi-mediated AHR

knockdown experiments used lentiviral vectors for the delivery

of microRNA-adapted shRNAs (shRNA-mir) that were

designed and produced using the reagents and protocols

included in the BLOCK-iT Lentiviral Pol II miR RNAi

Expression System (Invitrogen, Carlsbad, CA, USA) as

previously described (Fuhrken et al, 2008a). To control

against off-target silencing effects, independent pre-miRNA

inserts were designed to compliment regions at least 200 bases

apart in the AHR mRNA. A scrambled control pre-miRNA

designed not to target any known human gene (NegA) was used

as a negative control. Pre-miRNA sequences used for

construction of lentiviral microRNA vectors are as follows:

Role of AHR in Megakaryocytic Differentiation
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AHR-A: 5¢-TGCTGATATGAAGCACCTCTCCATTAGTTTT-

GGCCACTGACTGACTAATGGAGGTGCTTCATAT-3¢; AHR-

B 5¢-TGCTGTCATGTTTCAGGATAGTATCAGTTTTGGCC-

ACTGACTGACTGATACTACTGAAACATGA3¢; NegA 5¢-TG-

CTGAAATGTACTGCGCGTGGAGACGTTTTGTGACTGAC-

GTCTCCACGCAGTACATTT-3¢; HES1-A: 5¢-TGCTGTTTGA

TGACTTTCTGTGCTCAGTTTTGGCCACTGACTGACTGAG-

CACAAAGTCATCAAA-3¢; and HES1-B: 5¢- TGCTGTTCACT-

GTCATTTCCAGAATGGTTTTGGCCACTGACTGACCATT-

CTGGATGACAGTGAA-3¢. The mature microRNA sequence

(reverse compliment of the target sequence in the target mRNA)

is underlined.

Lentiviral production and transduction of CHRF cells

After sequence verification, pLenti6/EmGFP-pre-microRNA

viral constructs were used to transduce CHRF cells as

described (Fuhrken et al, 2008a). After overnight incubation,

cells were diluted with growth media and maintained

between 50 000 and 1 · 106 cells/ml. At 3–5 d post-trans-

duction, EmGFP+ cells were purified by flow cytometric cell

sorting.

Flow cytometric analysis of Mk ploidy

All flow cytometry data were acquired using the FACSAria flow

cytometer. Ploidy assays were performed using previously

published methods with minor modifications (Herault et al,

1999; Yang et al, 2002). For ploidy analysis of CHRF and

murine Mk cultures, cells were fixed for 15 min at room

temperature in 0Æ5% paraformaldehyde in PBS and permea-

bilized for 1 h at 4�C in 70% methanol. RNA was digested by

15 min of RNAse treatment at 37�C and DNA was stained with

50 lg/ml propidium iodide (PI) in PBS at room temperature.

In CHRF experiments, we limited our focus to EmGFP+

events. Polyploid murine Mks were defined as events with high

forward scatter, positive CD41 expression and ‡8N DNA

content.

Flow cytometric analysis of DNA synthesis and Mk
apoptosis

DNA synthesis was assessed using a flow cytometric BrdU

incorporation assay (Fuhrken et al, 2008a). To simultaneously

assess DNA synthesis, ploidy and apoptosis, cells were

intracellularly labelled with allophycocyanin (APC)-conjugated

anti-BrdU and PE-conjugated-anti-cleaved caspase-3 antibod-

ies, treated with RNase and counterstained with 7-Aminoac-

tinomycin D (7-AAD) in parallel experiments, as described

(Fuhrken et al, 2008a).

Statistical analysis. Tests for statistical significance were

performed using Student’s t-test for independent samples

applied to individual time points. For these studies, P values

‡0Æ05 were deemed of statistical significance.

Results

AHR-null mice exhibit defects in platelet number and
function

To determine if AHR expression has an impact on in vivo

megakaryopoiesis and platelet function, we investigated the

steady-state haematological properties of AHR-null mice

(Schmidt et al, 1996). These mice have been used extensively

in toxicological studies investigating the mechanisms of action

of several exogenous AHR ligands, and have shown a role for

AHR during liver development (Bunger et al, 2003). Although

AHR appears to influence immune function and T-cell

regulation (Stevens et al, 2009), few published studies have

examined other haematological defects of AHR-null mice. In

the current study, AHR-null mice exhibited a 9% decrease and

AHR+/) mice exhibited a 6% decrease in platelet counts

compared to WT mice (Fig 1A). There were also 10Æ4% fewer

reticulated young, RNA-containing platelets in AHR-null or

AHR+/) mice compared to WT mice, indicating a defect in

either platelet generation or Mk maturation (Fig 1B). We

examined platelet functionality and found that while the

average bleeding time for WT mice was approximately

1Æ5 min, AHR-null mice bled for an average of 8 min, or

roughly 5Æ3 times longer (Fig 1C). We also calculated the

volume of blood loss and found that AHR-null mice lost three

times as much blood during these assays as WT mice; AHR+/)

mice lost twice as much (Fig 1D). To investigate if these

platelet defects were due to abnormal Mk maturation, we

examined the level of steady-state polyploidization of Mks

residing within the murine bone marrow niche. Although

decreased AHR expresson did not impact the frequency of

steady-state CD41-expressing cells (data not shown), we found

that compared to WT mice, AHR+/) and AHR-null mice had

approximately 25% fewer high ploidy (‡32n) Mks, but more

Mks in the lower ploidy classes of 8n and 16n (Fig 1E).

Together, these data suggest that AHR-null mice exhibit

platelet defects of both number and function, and steady-state

Mks from AHR-null mice are less polyploid than WT mice.

AHR mRNA expression increases during ex vivo
megakaryocytic differentiation, but not during isogenic
granulocytic or erythroid differentiation

To verify that increased AHR expression was unique to

megakaryocytic differentiation, primary human CD34+ cells

from two separate donors were independantly ex vivo differ-

entiated toward the Mk, granulocytic and erythroid lineages.

To increase the purity of Mks in these cultures we only used

Tpo to differentiate the cells toward the Mk lineage (the

previously published microarray experiments used a cytokine

cocktail to increase the expansion of Mk progenitor cells). In

parallel experiments, mRNA was harvested at various time

points from CD34+ cells collected from two separate donors

and used in Q-RT-PCR analysis (n = 4). These data demon-
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strated that AHR mRNA expression increased 3Æ6-fold during

ex vivo Mk differentiation from primary human CD34+ cells

when normalized to the housekeeping genes GUSB and RPLP0

(Fig 2A). AHR granulocytic expression decreased by 1Æ7-fold

on day 12 and steadily declined as granulocytic differentiation

progressed (10-fold less by day 19, data not shown). By day 12,

Mks expressed 6Æ2-fold more AHR mRNA than parallel

granulocytic cultures (Fig 2C). AHR expression remained

statistically unchanged in erythrocytic cultures. The expression

pattern of HES1, an AHR target gene (Thomsen et al, 2004),

was very similar to AHR for all cell lineages studied, although

increased HES1 expression appeared to lag behind AHR

(Fig 2B). HES1 expression increased 2Æ5-fold during Mk

differentiation, decreased 2Æ5-fold during granulopoiesis and

remained statistically unchanged during erythrocyte differen-

tiation. By day 12, Mks were expressing 6Æ2-fold more HES1

than isogenic granulocytes (Fig 2D). These data indicate that

expression of AHR and its target gene HES1 is preferentially

upregulated in response to Tpo-induced Mk differentiation,

and that AHR upregulation is not a general consequence of

haematopoietic differentiation, but rather part of the tran-

scriptional machinery specifically responsible for Mk differen-

tiation and maturation.

Treatment of murine myeloid progenitor cells with the
prototypical AHR ligand TCDD results in increased
megakaryocytic polyploidization

To investigate the possibility that AHR could impact Mk

differentiation and maturation, we isolated myeloid progenitor

(A) (B)

(C)

(E)

(D)

Fig 1. AHR null mice exhibit platelet defects and decreased steady-state Mk polyploidization. Peripheral blood from wild type (WT), AHR+/) (Het)

and AHR-null (KO) mice was collected and examined for (A) platelet counts and (B) percentage of reticulated platelets. WT (black triangles), AHR+/)

(open squares) and AHR-null mice (open circles) were subjected to bleeding time assays (n = 8 for WT and AHR+/); n = 7 for AHR-null); shown is

(C) the duration of the primary bleed and (D) average volume of blood lost during these experiments. A horizontal line indicates the average bleeding

time for each genotype. (E) Bone marrow mononuclear cells were isolated and DNA content of CD41+ cells from WT, AHR+/) and AHR-null mice

was examined by flow cytometry. Error bars for all experiments in this figure represent the SEM (n = 8). Asterisks denote statistically significant

differences compared to WT mice; a single asterisk (*) represents P < 0Æ05 and two asterisks (**) represent P < 0Æ01.

Role of AHR in Megakaryocytic Differentiation
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cells from the bone marrow of WT mice and investigated the

degree of megakaryocytic polyploidization resulting from

treatment with the prototpical AHR ligand 2,3,7,8-Tetrachlo-

rodibenzodioxin (TCDD). These myeloid progenitor cells were

ex vivo expanded in the presence of either 10 nmol/l TCDD,

DMSO (vehicle control), or Tpo and the DNA content of the

cells was determined by flow cytometry. Although treatment

with DMSO alone did result in polyploidization, the cells grew

very poorly in culture and very few cells survived to day 10

(data not shown). Importantly, in addition to increased

survivabliity, TCDD treatment resulted in a marked increase

in very highly polyploid cells (‡16n) compared to vehicle

controls, but was not as potent at inducing Mk polyploidiza-

tion as 100 ng/ml Tpo (Fig 3A).

AHR protein expression levels increase and AHR
translocates from the cytoplasm to the nucleus during
megakaryocytic differentiation

Differential RNA and protein stability frequently result in

mRNA expression levels that do not accurately portray the

protein abundance of a given gene product within cells.

Therefore, the protein-level expression of AHR in PMA-

differentiated CHRF cells was examined. Initial experiments

(A) (B)

(C) (D)

Fig 2. AHR mRNA increases during ex vivo megakaryopoiesis of primary human CD34+ cells undergoing Tpo-stimulated megakaryopoiesis. Q-RT-

PCR analysis (n = 4) of (A) AHR and (B) HES1 mRNA expression in differentiating primary megakaryocytes, granulocytes and erythrocytes deriving

from human CD34+ cells from two separate donors. Values were normalized to the housekeeping genes GUSB and RPLP0. Comparative analysis of

(C) AHR and (D) HES1 mRNA expression in megakaryocytes (Mk) relative to isogenic granulocytic (G) cultures from the same day. Error bars

represent the SEM for all experiments in this figure. Asterisks denote statistically significant differences (by students t-test) as compared to Mk

cultures; a single asterisk (*) represents P < 0Æ05 two asterisks (**) represent P < 0Æ01.
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verified that PMA-induced megakaropoiesis of CHRF cells

produced a similar upregulation of AHR expression, resulting

in a 5Æ8-fold increase in AHR mRNA (Fig 3B). Western Blot

analysis of whole cell lysates (n = 3) indicate that increased

AHR mRNA levels were accompanied by a 2Æ2-fold increase

of AHR protein abundance during CHRF Mk differentiation

(Fig 3C). Increased protein abundance of a transcription

factor does not necessarily result in increased transcriptional

activity. Oftentimes, transcription factors are sequestered

away from nuclear DNA target genes and relegated to the

cytosol when not actively transcribing target genes. To

investigate if Mk differentiation coincides with AHR nuclear

translocation from the cytoplasm to the nucleus, nuclear and

cytoplasmic extracts were generated from CHRF cells under-

going PMA-mediated Mk differentiation. In these experi-

ments (n = 3), AHR nuclear expression increased by 67% as

megakaryopoiesis progressed, while AHR cytoplasmic expres-

sion decreased 10-fold (Fig 3D). This indicates that in

addition to being specifically upregulated during Mk differ-

entiation, AHR translocates from the cytoplasm to the

nucleus as Mks differentiate.

AHR DNA binding increases during CHRF Mk
differentiation

Because AHR translocated to the nucleus during Mk differ-

entiation and AHR-null mice exhibited platelet defects, we

next investigated AHR transcriptional activity during megak-

aryocytic differentiation. Specifically, we measured the binding

of nuclear lysate proteins from differentiating CHRF cells to an

AHR consensus binding sequence in Electromobility shift

assays (EMSAs). Nuclear extracts from Mk-differentiated

CHRF cells were isolated and incubated with biotinylated

AHR-consensus binding sequence oligonucleotides (Panom-

ics). Band specificity was ascertained during competition

assays in which nuclear extracts were pre-incubated with

unlabeled oligonucleotides. We used the consensus AHR

binding sequence to capture general, unbiased binding

patterns; binding to a specific AHR target gene promoter

was assessed later. As shown in a representative experiment, we

identified a low mobility DNA/protein complex that increased

2Æ4-fold during CHRF differentiation and was disrupted

during competitor assays (Fig 4A). This experiment suggested

(A) (C)

(D)(B)

Fig 3. TCDD induces polyploidization of ex vivo cultured primary murine Mks; AHR protein levels increase during ex vivo megakaryopoiesis and is

predominantly localized in the nucleus in differentiated Mks. (A) Murine bone marrow progenitors were ex vivo expanded in the presence of either

dimethyl sulfoxide (DMSO), 10 nmol/l tetrachlorodibenzodioxin (TCDD), or thrombopoietin (TPO) and DNA content was assessed by flow

cytometry; shown is the percentage of very high ploidy (‡16n) cells. (B) Q-RT-PCR analysis (n = 3) of AHR mRNA expression in differentiating

CHRF cells. Values were normalized to housekeeping genes GUSB and RPLP0 mRNA expression. (C) Western blot analysis (n = 3) of AHR protein

expression during CHRF megakaryopoiesis. Densitometry values were normalized to housekeeping protein expression (beta-actin) (D) In separate

experiments (n = 3), nuclear and cytoplasmic fractions were obtained from differentiating CHRF cells and used in Western blot analysis. Error bars

represent the SEM for all experiments in this figure. Asterisks denote statistically significant differences as compared to undifferentiated CHRF

cultures; a single asterisk (*) represents P < 0Æ05 two asterisks (**) represent P < 0Æ01.
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that AHR may bind the DNA and regulate the expression of

target genes during megakaryopoiesis.

Gene expression of the AHR target HES1 increases during
megakaryocytic differentiation

Our previous EMSA experiments used an AHR consensus

binding sequence, so we chose to investigate gene expression of

HES1, a known AHR transcriptional target (Thomsen et al,

2004). In addition to being upregulated during megakaryo-

poiesis (Fig 2B), HES1 may be relevant to Mk differentiation

because it is known to regulate Notch signaling and cell cycle

progression (Murata et al, 2005), both of which are intimately

involved in megakaryocytic differentiation. In agreement with

our data using CD34-derived primary Mks, HES1 mRNA

expression increased 4Æ7-fold by day 9 of CHRF Mk differen-

tiation compared to undifferentiated cells (Fig 4B; P £ 0Æ01).

HES1 protein expression increased 4Æ6-fold by day 9 of CHRF

Mk differentiation (Fig 4C; P £ 0Æ01). Chromatin immuno-

precipitation confirmed that AHR directly activated HES1, but

only in CHRF cells differentiating toward the Mk lineage

(Fig 4D). These data, coupled with our EMSA results, support

the hypothesis that increased AHR DNA binding impacts AHR

target gene expression during megakaryopoiesis.

(A) (B)

(C)

(D)

Fig 4. AHR DNA binding and HES1 expression increases during CHRF megakaryocytic differentiation. (A) A representative EMSA experiment

(n = 4) used nuclear extracts from differentiating CHRF cells and was incubated with biotinylated AHR consensus binding sequence oligonucleotides.

During competition assays, nuclear extracts were pre-incubated with unlabeled AHR consensus binding sequence oligonucleotides to ascertain band

specificity. The region marked with an asterisk (*) was used in subsequent densitometry analysis using imageJ software and free probe is indicated by a

plus sign (+). (B) Q-RT-PCR experiments (n = 3) examined HES1 mRNA expression (a known AHR transcriptional target) after PMA-induced Mk

differentiation of CHRF cells. Values were normalized to housekeeping gene expression (GUSB and RPLP0) to minimize loading differences and

compared to undifferentiated (d0) cells. (C) Western blots using total cell lysates from differentiating CHRF cells examined protein expression of

HES1 (n = 3); a representative Western blot of PMA differentiated CHRF whole cell lysates is shown. Densitometry values were normalized to

housekeeping gene expression using ImageJ software. Error bars represent the SEM. Asterisks denote statistically significant differences as compared

to undifferentiated CHRF cultures; a single asterisk (*) represents P < 0Æ05 two asterisks (**) represent P < 0Æ01. (D) CHRF cells were analyzed by

chromatin immunoprecipitation (IP) for in vivo AHR binding to the HES1 promoter. Total input (non-precipitated) chromatin was used as a positive

control, and chromatin coprecipitating with antibodies toward Immunoglobin G was used as a negative control in these experiments.

S. Lindsey and E. T. Papoutsakis

476 ª 2011 Blackwell Publishing Ltd, British Journal of Haematology, 152, 469–484



Generation of AHR knockdown (KD-AHR) CHRF cell
lines

To investigate the impact of AHR expression on Mk differ-

entiation, GFP-tagged replication-incompetent lentiviruses

were used to stably express shRNA-mir in CHRF cells to

knockdown AHR expression. Transduced RNAi-mediated

KD-AHR CHRF cells were subsequently sorted for GFP+ cells

via flow cytometry (enriched >98%, data not shown) and

expanded, resulting in stable CHRF cell lines expressing

between 37% and 69% less AHR then cells expressing a

scrambled control sequence (NegA) after 3 d of PMA-induced

Mk differentiation (Fig 5A). Although Mk differentiation

resulted in increased AHR expression in the KD-AHR CHRF

cells, by day 9 they expressed between 40% and 46% less AHR

mRNA than CHRF cells expressing the scrambled control

sequence (Fig 5A). Western blot analyses confirmed significant

AHR protein reduction in both KD-AHR CHRF cell lines.

(A) (C)

(B)

(D)

Fig 5. AHR knockdown effectively decreases AHR expression and activity in CHRF cells. (A) Q-RT-PCR experiments (n = 3) investigated AHR

expression in NegA, AHR-A and AHR-B cell lines and were normalized to housekeeping genes. (B) A representative Western Blot of AHR protein

expression in stable AHR-A and AHR-B CHRF cell lines, as compared to scrambled control (n = 3). Densitometry values used in this figure were

normalized to GAPDH expression using ImageJ software. (C) Nuclear extracts from either undifferentiated or PMA-differentiated knockdown CHRF

cell lines were used in EMSA experiments (n = 3) and were incubated with biotinylated oligonucleotides corresponding to the putative AHR binding

sequence within the HES1 promoter. Sequence specificity was determined during competition assays using unlabeled oligonucleotides; protein

specificity was determined by pre-incubation with antibodies to AHR. The regions marked with an asterisk (*) were used in subsequent densitometry

analysis and normalized to free probe, indicated by a plus sign (+). (D) HES1 mRNA expression was determined by Q-RT-PCR analyses (n = 3) in

NegA, AHR-A and AHR-B cell lines. Densitometry values were normalized to housekeeping gene expression using ImageJ software. Error bars

represent the SEM. Asterisks denote statistically significant differences compared to NegA cells from the same day of PMA-induced differentiation; a

single asterisk (*) represents P < 0Æ05 and two asterisks (**) represent P < 0Æ01.
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AHR-A resulted in a 69% decrease in AHR protein expression,

while AHR-B resulted in a 43% decrease (Fig 5B).

KD-AHR CHRF cells exhibit impaired AHR
transcriptional activity

EMSA experiments using a biotinylated sequence flanking the

putative AHR binding site within the HES1 promoter identified

two low mobility complexes that formed upon incubation with

nuclear proteins. The vast majority of binding to this region of

the HES1 promoter was ablated by antibodies directed toward

AHR, indicating that AHR is present within the low mobility

complex; the specificity of the low mobility DNA/protein

complex that formed upon incubation with the HES1 probe

was determined in separate competition assays (Fig 5C).

Undifferentiated KD-AHR cells had 70% less complex forma-

tion than control cells, indicating that the ability of AHR to

function as a transcription factor was significantly impacted in

the KD-AHR cells used in our experiments. Binding to the AHR

consensus sequence increased after Mk differentiation in both

KD-AHR and control CHRF cells, but on day 7 KD-AHR

CHRF cells exhibited 3Æ7-fold less binding compared to NegA

cells (Fig 5C). Decreased AHR DNA binding in KD-AHR

CHRF cells resulted in an impaired mRNA expression of the

AHR target gene HES1. After 3 d of PMA-induced Mk

differentiation KD-AHR CHRF cells expressed between 27%

and 40% less HES1 mRNA than NegA control cells for AHR-A

and AHR-B respectively (Fig 5D). By day 9 the difference was

more dramatic; AHR-A cells and AHR-B cells expressed 63%

and 68% less HES1 mRNA, respectively.

KD-AHR CHRF cells exhibit decreased polyploidization
during megakaryopoiesis

To examine if reduced AHR expression impacts Mk polyplo-

idization, KD-AHR CHRF cells were differentiated toward the

Mk lineage with PMA and the degree of polyploidization was

measured by flow cytometry as the cells differentiated over 9 d

of culture. Based on its involvement in cell cycle regulation, we

hypothesized that decreased AHR expression would decrease

CHRF polyploidization as Mk differentiation progressed. In

these experiments (n = 3 for each construct), the fraction of

AHR-A and AHR-B CHRF cells that were polyploid (‡8n) was

significantly decreased at every time point examined upon

PMA differentiation compared to NegA expressing cells

(Fig 6A; P < 0Æ05 for every time point).

As shown in a representative experiment, 36% of the NegA

CHRF cells were polyploid 7 d after PMA-induced Mk

differentiation (the highest point), while AHR knockdown

resulted in less than 14% of the cells becoming polyploid by

day 7 (2Æ7-fold difference; Fig 6B). Supporting the hypothesis

that AHR is involved in Mk polyploidization, the ploidy

distributions in KD-AHR CHRF cells were clearly shifted

toward lower ploidy and KD-AHR CHRF cells were incapable

of reaching higher ploidy classes (i.e. >16n) observed in

control cells (Fig 6B). Similar results were obtained using the

AHR-A construct (data not shown). There were no differences

in ploidy distribution between undifferentiated control or KD-

AHR CHRF cells and all cell lines were 0Æ4% polyploid (Fig 6C;

n = 6) indicating that knocking down AHR does not result in

aberrantly decreased ploidy levels. Decreased AHR expression

also did not result in statistically significant changes in

proliferation (measured by cell counts, data not shown) or

DNA synthesis in undifferentiated CHRF cells as measured by

BrdU incorporation (Fig 6D). BrdU incorporation, as indi-

cated by adding P1 and P2, was 40Æ0% and 42Æ9% for AHR-A

and AHR-B respectively as compared to 43Æ3% for NegA.

Reduced AHR expression results in increased DNA
synthesis, but does not impact Mk apoptosis

We used a flow-cytometric BrdU incorporation assay to

investigate DNA synthesis during polyploidization of PMA-

differentiated CHRF cells; our experimental design allowed us

to investigate DNA synthesis within discrete ploidy classes (i.e.

2n, 4n, etc.). Shown are representative BrdU plots from day 5 of

PMA-induced Mk differentiation of the various CHRF cell

lines. In these experiments, AHR knockdown resulted in a 11%

increase in proliferation (based on cell counts; data not shown),

and twice as much BrdU incorporation, represented by adding

the events in gates P1 and P2, as NegA CHRF cells (Fig 7A;

approximately 30% compared to 16% for NegA cells). We

simultaneously investigated the degree of polyploidization in

these cells. As indicated by PI histograms, NegA CHRF cells had

twice as many polyploid cells as KD-AHR CHRF cells on day 5

of PMA-induced differentiation (Fig 7B; approximately 16%

compared to 8%). BrdU incorporation was higher in KD-AHR

CHRF cells after PMA-induced differentiation; 5 d after PMA-

induced Mk differentiation KD-AHR cells had on average twice

as many BrdU positive cells as the NegA CHRF cell line

(Fig 7C). Interestingly, on average across all time points, AHR

knockdown resulted in 2Æ3-fold fewer polyploid BrdU+ cells

than the control NegA cell line, indicating that most BrdU

incorporation occurred in low ploidy cells (Fig 7D).

Changes in ploidy level can be attributed to either increased

DNA synthesis or decreased apoptosis, so we also examined

the levels of apoptosis in differentiating knockdown cell lines

by assessing the amount of activated caspase-3 (Fuhrken et al,

2008a) at various time points during Mk differentiation. The

results of these experiments showed no statistically significant

differences in the level of active caspase-3 (Fig 7E). Taken

together, these data suggest that AHR regulates Mk polyplo-

idization during differentiation, but does not impact apopto-

sis.

KD-HES1 CHRF cells exhibit decreased polyploidization
during megakaryopoiesis

Our data suggested that AHR impacts Mk ploidy through the

regulation of its transcriptional target HES1. To examine the
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likelihood of this model, we employed a genetic approach and

used RNAi to generate knockdown HES1 CHRF cell lines

(KD-HES1). We reasoned that if AHR impacts Mk polyplo-

idization through interactions with HES1, then RNAi-medi-

ated HES1 knockdown should reduce Mk ploidy, similar to

that seen in KD-AHR cells.

We first employed Q-RT-PCR to verify the efficiency of our

RNAi-mediated gene knockdown. The KD-HES1 cell lines

generated expressed 68% and 59% less HES1 mRNA (Fig 8A;

n = 3; P = 0Æ008 for HES1-A and P = 0Æ015 for HES1-B).

Importantly, knocking down HES1 did not impact expression

of AHR (data not shown; n = 3, P = 0Æ46 for both KD-HES1

cell lines). Analysis of Western blots (n = 3) showed that these

changes in HES1 mRNA resulted in 31% and 47% less HES1

protein expression for HES1-A and HES1-B respectively

(Fig 8B). Although there was no impact on proliferation or

the degree of polyploidization in undifferentiated cells (data

not shown), KD-HES1 CHRF cells were significantly less

polyploid throughout megakaryopoiesis; by day 7 of PMA-

induced Mk differentiation both KD-HES1 cell lines were 31%

less polyploid than control CHRF cells (Fig 8C, P < 0Æ05 for all

time points). Similar to knocking down AHR, KD-HES1 cells

were 15% more proliferative (data not shown), had Mk-ploidy

distributions that were shifted towards lower ploidy classes and

were incapable of reaching higher ploidy classes (i.e. ‡32n)

seen in control cells. Although there was little impact in

undifferentiated CHRF cells, ploidy levels on day 7 (maximal

ploidy in control cells) were between 25Æ3% and 26Æ7% less

than control cells depending on the cell line (n = 3; P < 0Æ05

for both cell lines).

Discussion

Because AHR may be activated during cellular differentiation

of many lineages, we investigated the lineage specificity of

haematopoietic AHR activation. Several haematopoietic

Fig 6. AHR knockdown leads to decreased polyploidization. (A) DNA content was assessed by flow cytometry on the days indicated and the

percentage of high-ploidy (‡8N) cells among all cells was reported for NegA (black squares), AHR-A (open triangles) and AHR-B (open circles)

CHRF cells. Error bars represent the SEM (n = 3 for each cell line). (B) DNA histograms from a representative experiment at the designated time-

points. Dashed lines indicate high ploidy (‡8n) cells and the percent polyploidization is indicated. (C) DNA content and (D) BrdU incorporation was

assessed in undifferentiated NegA, AHR-A and AHR-B CHRF cell lines by flow cytometry.
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lineages are impacted by exposure to toxicological ligands

(notably monocytes, T-cells and B lymphocytes), but here,

there is no exposure to such ligands. We performed parallel

cultures of isogenic primary human CD34+ cells undergoing

megakaryocytic, granulocytic and erythroid differentiation

(Fig 2A–D) and found that AHR mRNA expression increased

during ex vivo Mk differentiation, but not during isogenic

granulocytic or erythrocytic differentiation (Fig 2). AHR

mRNA expression increased 3Æ6-fold during ex vivo Mk

differentiation, but steadily declined during ex vivo granulo-

cytic differentiation. By day 12, AHR expression had decreased

by 1Æ7-fold and steadily declined as granulocytic differentiation

progressed (10-fold less by day 19). AHR expression remained

statistically unchanged in parallel erythrocytic cultures. These

data indicate that AHR upregulation is not a general conse-

quence of haematopoietic differentiation, but rather part of the

transcriptional machinery responsible for Mk differentiation

and maturation. In addition, we show in vivo and in vitro data

that demonstrate a functional impact upon Mk differentiation

and maturation when AHR expression is reduced. As such, it is

difficult to argue that the phenomenon we describe is either

non-specific or trivial.

Although we observed only modest (but statistically signif-

icant) differences in platelet counts between WT, AHR-null

and AHR+/) mice, our findings are similar to those found with

the CDK inhibitor CDKN1A (p21/WAF1). For example, it is

now widely recognized that CDKN1A has a crucial role during

megakaryocytic differentiation, yet Cdkn1a)/) mice have

relatively normal steady-state platelet levels and impact Mks

mainly by influencing the degree of Mk polyploidization

Fig 7. AHR knockdown results in increased DNA synthesis of low ploidy cells without influencing apoptosis of differentiating CHRF cells. BrdU

incorporation was used to investigate the role of AHR down regulation on the cell cycle of PMA-differentiated NegA, AHR-A and AHR-B cells (n = 3

for each cell line). (A) Representative experiments after 5 d of PMA-induced differentiation and their (B) corresponding ploidy histograms. Dashed

lines indicate high ploidy (‡8n) cells; percent polyploidization (P2 + P4) is indicated. (C) BrdU incorporation (P1 + P2) was analyzed during PMA-

induced differentiation of NegA (black squares), AHR-A (open triangles) and AHR-B (open circles) cells. (D) A further analysis of the data

investigated the percentage of BrdU+ cells that were polyploid [P2/(P1 + P2)]. (E) Caspase-3 activity was assessed as a measure of apoptosis in

differentiating CHRF cell lines. Error bars represent the SEM.
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(Baccini et al, 2001), similar to the phenotype we see in AHR-

null mice. Importantly, we found that AHR-null mice had

10Æ4% fewer newly synthesized (reticulated) platelets, a 5Æ3-fold

increase in bleeding times and lost twice as much blood during

bleeding time experiments as WT control mice. Interestingly,

these results are more dramatic than those seen in Cdkn1a-null

mice and were in agreement with previous studies of Oryzias

latipes embryogenesis that suggest AHR is critical for blood

clotting (Kawamura & Yamashita, 2002). The dramatic

differences in the percentage of reticulated platelets, bleeding

times and blood volume lost between WT and AHR-null mice

are most likely not solely due to abnormal Mk maturation

(evidenced by fewer ‡32n Mks), because the ploidy distribu-

tion was essentially identical for AHR-null and AHR+/) mice,

despite the fact that AHR+/) mice experienced intermediate in

vivo platelet defects (Fig 1). Loss of a single copy of the AHR

gene during our investigations led to many of the in vivo

platelet defects we observed, namely platelet counts, percentage

of reticulated platelets, bleeding times and total blood volume

lost. The notion that AHR haploinsufficiency leads to megak-

aryocytic defects is further supported by the data generated

from our KD-AHR CHRF cell lines, expressing 40–70% less

(A) (D)

(B)

(C)

Fig 8. HES1 knockdown leads to decreased polyploidization. (A) Q-RT-PCR experiments (n = 3) investigated HES1 mRNA expression in NegA,

HES1-A and HES1-B cell lines and were normalized to housekeeping genes (GUSB and RPL0). (B) A representative Western Blot of HES1 protein

expression in stable HES1-A and HES1-B CHRF cell lines, as compared to scrambled control (n = 3). (C) DNA content was assessed by flow

cytometry on the days indicated and the percentage of high-ploidy (‡8N) cells was reported for NegA (black squares), HES1-A (open triangles) and

HES1-B (open circles) cells. Error bars represent the SEM (n = 4 for each cell line). (D) DNA histograms from a representative experiment at the

designated time-points after PMA-induced Mk differentiation. Dashed lines indicate high ploidy (‡8n) cells and the percentage of polyploidization is

indicated. Error bars represent the SEM. Asterisks denote statistically significant differences compared to NegA cells from the same day of PMA-

induced differentiation; a single asterisk (*) represents P < 0Æ05 and two asterisks (**) represent P < 0Æ01.
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AHR than control cells. As such, AHR inhibition may provide

interesting therapeutic targets for diseases such as thrombo-

cythaemia.

In addition to influencing Mk polyploidization, AHR-

deficiency may impact platelet activation, aggregation, or some

other aspect of platelet function such as clot formation,

thromboxane A2 synthesis, granule secretion. Any of these

platelet functions could be impacted by AHR signaling, and as

such is beyond the scope of our current investigation, which

was designed to interrogate our hypothesis that AHR is a novel

regulator of megakaryopoietic polyploidization. We are, how-

ever, planning future experiments into the nature of the

platelet defects found in AHR-null mice to better understand

the role of AHR in platelet function, especially in light of data

suggesting that AHR regulates vav3, a critical mediator of

platelet activation (Fernandez-Salguero, 2010). It is also not

clear if the decreased megakaryocytic polyploidization

observed in AHR)/) and AHR+/) mice is cell autonomous.

Future studies in which bone marrow from AHR)/) donor

mice is transplanted into wild type recipient mice could begin

to address this issue and delineate AHR effects originating from

Mks from signals originating from adjacent endothelial cells.

Knockdown of either AHR or HES1 resulted in significantly

less Mk polyploidization throughout differentiation and

although not fully investigated in our current study, we feel

that AHR could mediate Mk polyploidization through inter-

actions with HES1. HES1 is a known cell cycle regulator and

mediator of Notch signaling and our findings are consistent

with studies reporting that Notch signaling regulates the initial

entry into endomitosis in Drosophila by altering cell cycle

regulation (Deng et al, 2001; Schaeffer et al, 2004; Jordan et al,

2006) and it is possible that Notch signaling could similarly

impact Mk polyploidization. Tpo impacts several of the same

signaling pathways as Notch, including ERK/JNK/p38, Rb and

E2F (Matsumura et al, 1997; Quentmeier et al, 1998; Miyazaki

et al, 2001), supporting a notion of crosstalk between these

signaling pathways. Other studies have shown that co-cultur-

ing bone marrow-derived Lin)Sca-1+cKit+ haematopoietic

stem cells with OP9 cells expressing the Notch ligand Delta-

like1 results in large cells that upregulate HES1, undergo

polyploidization, and express Mk surface markers (Mercher

et al, 2008). During these studies, HES1 was more highly

expressed in erythroid-Mk progenitor cells than common

myeloid or granulocyte-macrophage progenitor cells, suggest-

ing that HES1 has a specific Mk function. Supporting our

findings that HES1 expression increases as a result of

physiological (Tpo-induced) megakaryocytic differentiation,

HES1 expression increased in response to Tpo treatment

during in vivo investigations of acute megakaryoblastic

leukaemia (Mercher et al, 2009), and the level of DLK1

mRNA, a HES1 transcriptional target, is increased in CD34+

cells isolated from MDS patients compared to CD34+ cells

from 11 normal individuals (Sakajiri et al, 2005).

However, any speculation into the involvement of HES1

must be tempered with caution. It is important to note that the

AHR regulon is quite extensive, and furthermore, AHR

signaling is fairly promiscuous and may be interacting with

other signaling pathways. AHR is a member of the PAS (PER-

ARNT-SIM) gene family and, as such, shares structural

similarity and interacts with members of the circadian clock.

Among many other effects, clock genes are known to regulate

cell cycle progression (reviewed in Borgs et al, 2009). Recent

findings have also shown that clock genes block the formation

of the contractile ring that forms as Synechococcus elongatus

divides (Dong et al, 2010) – a process that is specifically altered

during Mk differentiation, but was not examined in our

current studies. Therefore, future work will investigate the

AHR regulon using genomic analyses of genes that are

differentially expressed in AHR-null mice compared to WT

to identify additional mechanisms through which AHR could

influence Mk polyploidization.

The timing of transcription factor expression and down

regulation is critical to differentiation (Chou et al, 2009). As

such, we find it interesting that studies using lin)sca+

haematopoietic stem cells implied that HES1 inhibits GATA1

and sustains GATA2 transcriptional activity (Ishiko et al,

2005). While GATA1 is critical to the maturation of Mks,

GATA2 seems to control the early stages of haematopoiesis

(Tsai et al, 1994; Tsai & Orkin, 1997). GATA2 is continu-

ously expressed in Mks, but silenced in erythroid cells

(Dorfman et al, 1992). Taken together, these data suggest

that one function of HES1 may be to maintain an

undifferentiated, ‘stem cell-like’ state and appears to

contradict our findings. However, while GATA1 expression

is critical to the initial lineage decision to become Mks

(Shivdasani et al, 1997), HES1 may serve an essential role to

downregulate GATA1 in late Mk cells. The expression

pattern of GATA1 agrees with this, as its expression drops

sharply in mature Mks (Fuhrken et al, 2008b). HES1 may

also assist GATA2 expansion of immature Mks (Huang et al,

2009) that have already begun Mk differentiation. Future

experiments will investigate these intriguing possibilities in

detail.
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