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Abstract

Growing evidence supports the role of erythroblastic islands (El) as microenvironmental niches within bone marrow (BM),
where cell-cell attachments are suggested as crucial for erythroid maturation. The inducible form of the enzyme heme
oxygenase, HO-1, which conducts heme degradation, is absent in erythroblasts where hemoglobin (Hb) is synthesized. Yet,
the central macrophage, which retains high HO-1 activity, might be suitable to take over degradation of extra, harmful, Hb
heme. Of these enzymatic products, only the hydrophobic gas molecule - CO can transfer from the macrophage to
surrounding erythroblasts directly via their tightly attached membranes in the terminal differentiation stage.

Based on the above, the study hypothesized CO to have a role in erythroid maturation. Thus, the effect of CO gas as a
potential erythroid differentiation inducer on the common model for erythroid progenitors, K562 cells, was explored. Cells
were kept under oxygen lacking environment to mimic BM conditions. Nitrogen anaerobic atmosphere (N,A) served as
control for CO atmosphere (COA). Under both atmospheres cells proliferation ceased: in N,A due to cell death, while in COA
as a result of erythroid differentiation. Maturation was evaluated by increased glycophorin A expression and Hb
concentration. Addition of 1%CO only to N,A, was adequate for maintaining cell viability. Yet, the average Hb concentration
was low as compared to COA. This was validated to be the outcome of diversified maturation stages of the progenitor’s
population.

In fact, the above scenario mimics the in vivo El conditions, where at any given moment only a minute portion of the
progenitors proceeds into terminal differentiation. Hence, this model might provide a basis for further molecular

investigations of the El structure/function relationship.

Editor: Steven R. Ellis, University of Louisville, United States of America

preparation of the manuscript.

* E-mail: nshaklai@post.tau.ac.il

@ These authors contributed equally to this work.

Citation: Toobiak S, Shaklai M, Shaklai N (2012) Carbon Monoxide Induced Erythroid Differentiation of K562 Cells Mimics the Central Macrophage Milieu in
Erythroblastic Islands. PLoS ONE 7(3): €33940. doi:10.1371/journal.pone.0033940

Received September 26, 2011; Accepted February 21, 2012; Published March 23, 2012

Copyright: © 2012 Toobiak et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by Krawitz fund for hematology. The funders had no role in study design, data collection and analysis, decision to publish, or

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Reticulocytes are formed in specific bone marrow (BM) niches,
known as erythroblastic islands (EI). EI are composed of a central
macrophage surrounded by erythroblasts in different stages of
maturation [1-3] and the early presence of these unique structures
in fetal liver supports their essential role in erythropoiesis [4,5].
Bessis and colleagues were the first to characterize the details of EI
morphology [2] and suggested that the central macrophages serve
as nursing cells for the differentiating erythroblasts. At the terminal
differentiation stage, the expelled erythroblast nucleus sweeps
hemoglobin (Hb) residues into the macrophage upon engulfment
[6] and hence iron was thought to be the nursing material being
transferred from the macrophage to erythroblasts [7]. However,
intensive research has demonstrated that the source of iron
required for Hb Heme synthesis in the BM is from senescent
erythrocytes Hb, disintegrated and recycled in the liver and spleen
macrophages to be delivered back to the BM by transferrin [8]. In
this context, macrophages activity is mediated by heme oxygenase-
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1 (HO-1) enzyme, responsible for heme catabolism into iron,
biliverdin and carbon monoxide (CO) [9]. Thus, identification of
the major source of iron for erythropoiesis as originating from liver
and spleen macrophages in fact abrogates the putative function of
the EI central macrophage as an important iron supplier.

Although HO enzymes exist in all cell types, a prior, heme
destructive activity in cells, which extensively synthesize Hb, i.e.
erythroblasts, appears ambiguous. Indeed, Immenschuh et al.
demonstrated that both human BM erythroid precursors and
K562 model cells lack expression of the inducible HO-1 and
during differentiation, their constitutive HO-2 is depressed [10].
Similarly, another recent study showed that HO-1 has a crucial
role in proper erythroblast differentiation even under stress
conditions, since reduced HO-1 activity results in disruption of
progenitor maturation [11].

An additional characteristic aspect of the EI is the intimate
mtercellular contact between the central macrophage and
differentiating erythroblasts. Strong adhesion occurs during the
course of terminal differentiation [3,10] and subsequently recedes,
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to facilitate reticulocytes egress from BM niches [12,13]. Despite
extensive research, two central aspects of EI biology are still
unclear: (1) Why is adhesion of the erythroblasts to the
macrophage strengthened during terminal differentiation? (2)
What is the identity of “nursing” material delivered to the
surrounding erythroblasts by central macrophage?

Even though there is firm contact between central macrophage
and the differentiating erythroblasts, only the hydrophobic gas
molecule - CO can freely diffuse via the cellular membranes. Once
considered as a HO waste product, CO has been recognized in
recent years as a metabolite involved in controlling a variety of
physiological and therapeutic activities [14]. This raises the
question of how CO and free Oy manage not to interfere with
each other. Although air is composed of approximately 20%
oxygen, in fact free oxygen concentration in the body is low and
some BM areas are virtually oxygen devoid [15]. Moreover, it was
shown that these conditions play a regulatory role in hematopoi-
etic stem cell maintenance [16]. Hence, lack of oxygen allows
other gases to play essential roles in the BM including the EI. This
study explored whether CO gas can affect maturation of erythroid
progenitors under physiologically relevant conditions prevailing in
the BM using K562 cells as a model [17].

Materials and Methods

Materials

Nonidet P-40, Trisodium citrate, Trypsin, Trypsin inhibitor,
RNase, Hoechst 33342, Propidium-lodide, Trypan blue, NaCl,
Trizma-base, Magnesium acetate, Ficoll- Hypaque, May-Griin-
wald, Giemsa stain, Ferric citrate, Holo-transferrin (20 pg/ml), 5-
Aminolevulinic acid (1 mM) were all purchased from Sigma-
Aldrich (Israel).

Cell culture

Media. Cells were grown in RPMI-1640 medium, containing
10% heat-inactivated fetal bovine serum (HI-FBS), 100 U/ml
penicillin, 100 ug/ml streptomycin, 1.25 pg/ml nystatin and
2 mM L-glutamine, all obtained from Biological Industries, Beit-
HaEmek, Israel. Enriched media: I. For heme synthesis, the
following additional nutrients were added to medium: ferric citrate
(1 mM), holo-transferrin (20 pg/ml) and 5-aminolevulinic acid
(1 mM). II. For globin synthesis, X2 dose of amino acids solution
(Biological Industries, Beit-HaEmek, Isracl) was used. “Highly
enriched medium”- medium supplemented with heme and globin
required nutrients.

Cell culture. The K562 cell line, derived from human
erythroleukemia cells, was obtained from the American Type
Culture Collection (Manassas, VA, USA). Cultures
maintained at 37°C in air containing 5% CO, atmosphere and
sub-cultured twice a week at initial concentration of 10° cells/ml.
K562 cells (2x10°/ml) in exponential growing phase were
cultured under different aerobic and anaerobic atmospheres: air
(free air exchange containing 5% COy), COA (100% CO), NoA
(100% Ny) or 1% COA (i.e. 99% Ny and 1% CO). The COA
resulted in a concentration of 1 mM in the liquid phase.
Throughout the study, the concentration of CO was either
0.01 mM or 1 mM. Both CO and Ny -cells were kept is sealed
flasks. Proliferation was determined by hemocytometer and cell
viability was assessed by Trypan blue (TB) exclusion or propidium-
1odide (PI) assay.

were

Pl penetration assay
Cells were incubated under aerobic and anaerobic atmospheres
for 4 days and subsequently washed twice with cold PBS, incubated
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with 5 pug PI and analyzed by Fluorescence-activated cell sorting
(FACS). Nonviable cells were defined as PI positive [18].

Hb quantification assay

Cells lysis. Equal number of cells were taken from each
treatment condition, washed twice with cold PBS and lysed (lysis
buffer: 140 mM NaCl, 10 mM Trizma-base, 1.4 mM magnesium
acetate and 0.5% Nonidet P-40) for 15 min on ice [19]. The lysates
were centrifuged for 15 min at 10,000 RPM (5590x g). Hb
quantification method: We used a recently developed method
referred as “difference spectrum™ [20] . Briefly, since CO has high
affinity to Hb to yield carboxyHb (COHb) and this transfer can be
followed by increased and shifted Soret band, the difference
spectrum can be used to calculate Hb content in cells without other
components and/or light scatter interference. After cell lysis, oxyHb
spectrum in cell lysates was monitored by spectrophotometer (GBC,
UV/VIS 920) at wavelength range of 350-650 nm. Afterward, CO
gas is added and spectrum was measured again. Hb content was
calculated from the absorbance of the difference spectrum using the
difference extinction coefficient of 78.6 mM/L/cm at 419 nm. Hb
content was then divided by number of cells. As it highly probable
that cells are not homogeneous in Hb content, this value is referred
to average Hb content.

Glycophorin A (GPA) expression

Cells (5x10°) were washed twice with cold PBS and re-
suspended in 96 ul PBS with 5% HI-FBS. The cells were then
incubated with 4 ul of anti-human PE-GPA antibody (I pg/ml,
BioLegend) in the dark for 20 min at room temperature. After
incubation, cells were washed with PBS and the fluorescence was
measured by flow cytometry. GPA expression was also observed
using fluorescence microscopy.

Separation of dead cells by Ficoll gradient

Cells were washed and re-suspended in PBS (6 ml). Ficoll-
Hypaque (2 ml) was added and the suspension was centrifuged at
125 x g for 25 min. Viable cells in the supernatant were removed,
washed and further processed [21].

Cell cycle analysis

To determine the DNA content of cells, we used method
described by Vindelov et al. [22]. Briefly, after exposure to the
different atmospheres, cells (10°) were washed once with cold PBS,
and re-suspended in 40 mM Citrate/DMSO buffer. After
addition of trypsin solution (0.03 mg/ml) for 10 min, trypsin
inhibitor (0.5 mg/ml) and RNAse (0.1 mg/ml) were added for
another 10 min. Then cells were then stained with PI (0.42 mg/
ml) solution for 15 min in the dark, and cell cycle analysis was
performed by flow cytometry.

Morphological analysis

Giemsa staining. 3x10° cells from ecach atmospheric
condition were washed twice with cold PBS. The cells were then
cyto-centrifuged (Cytospin 2, Shandon, Pittsburgh, USA) onto a
slide at 200x g for 7 minutes and stained with May-Griinwald-
Giemsa solution. Cells were analyzed using light microscopy.

Scanning electron microscopy (SEM). Samples were fixed
with 2.5% glutaraldehyde in PBS, washed, dehydrated in graded
ethanol solutions and dried [23,24]. Samples were then coated
with gold (Polaron SEM coating unit E5100) and examined with a
Jeol JSM 840A SEM.

Enucleation assay. Cells double stained with
antibodies against GPA (see GPA expression section) and

were

March 2012 | Volume 7 | Issue 3 | 33940



Hoechst 33342 (10 ug/ml) for 20 min in the dark (DNA staining).
Cell were washed once with PBS and monitored by fluorescence
MiCroscopy.

Results

To establish if CO has any specific effect on K562 erythroid
progenitor cells, we first compared the cellular growth rate under
air (referred to as air-cells) and under two anoxic atmospheres,
namely COA and its inert gas control NoA (referred to as CO-cells
and No-cells, respectively). Figure 1 depicts the cellular growth
curves under these three atmospheres. As seen, air-cells demon-
strate exponential growth. In contrast, under anoxic conditions,
only a mild increase in cell proliferation was observed during the
first two days, but from this point on, a proliferation plateau was
observed; both the CO and Ny curves appear virtually the same,
within their respective SDs.

In order to analyze the reasons for growth inhibition under free
oxygen lacking conditions, the cell viability was further determined
via PI staining and FACS analysis. It was found that while Ny-cells
lost their viability after extended incubation (4 days), CO-cells
preserved their viability, as shown in Figure 2. TB assessment of
cell viability also indicated a reduction in viable cells under NoA
(69.44% *3.24) compared to COA (87.66% *3.82).

To further clarify the observation of COA induced inhibited
proliferation without death, cell cycle analysis was performed on

Cell concentration (cells/ml X 5 X 10 6)
A

Air

CcO

N»

0 1 2 3 4

Time, days

Figure 1. Anaerobic atmospheres inhibit cell proliferation. Cells
were incubated under aerobic and two types of anaerobic atmosphere
conditions, N,A or COA. Cells were counted daily by hemocytometer.
Air @-——@; COA H-——M; N,A A—A . Data represent mean = SD of 4
independent experiments.

doi:10.1371/journal.pone.0033940.g001
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Figure 2. COA but not N,A preserves cell viability. Cells were
incubated under aerobic and two types of anaerobic atmosphere
conditions, N,A or COA for 4 days, after which viability was measured
via FACS analysis using Pl penetration assay. Viability measurements
(mean = SD) from 3 independent experiments are shown.
doi:10.1371/journal.pone.0033940.9002

cells incubated for 4 days under air as well as the two anoxic
atmospheres. Figure 3 insert illustrates representative examples of
cell cycle analysis in each case. As can be seen, air- and No-cells
distributed similarly between the cell cycle phases, while in CO-
cells, the S-phase fraction is significantly increased. This S-phase
arrest was accompanied by a decrease in GO/G1 phases. The
average phase distribution of cells incubated under aerobic and
anaerobic conditions is shown in main part of Figure 3.

Previous literature pointed to a link between K562 erythroid
differentiation and cell cycle S-arrest [25,26]. Therefore, we
hypothesized that the S-arrest imposed by COA could be a result
of inhibited proliferation accompanied by maintenance of full
viability (Figs. 1 & 2) which may correlate with cellular
differentiation. Indeed, as can be seen from the cell-pellet color
(Fig. 4A), CO-cells appear to produce a significant amount of Hb
as compared to either air or Ny-cells. GPA, a late erythroid
differentiation marker, was used for quantitative analysis of
differentiation [27]. Figure 4B illustrates a significant increase in
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Figure 3. COA, but not N,A, results in S-phase arrest of cell
cycle. Cells were incubated under aerobic and anaerobic conditions,
N,A or COA, for 4 days. Insert: representative FACS analysis of cell cycle
for K562 cells incubated under different atmospheres. Arrows indicate
center of S-phase. Main Figure: phase distribution of viable cells. Mean
+ SD from 3 independent experiments is shown. Empty bars - Go/G;
phase, black bars - S phase and grey bars - G,/M phase.
doi:10.1371/journal.pone.0033940.g003

GPA expression in the CO-cells, thus indicating an advanced stage
of differentiation. These results also imply that the Ny-cell
population is composed of several sub-populations with higher
and lower GPA expression as compared to air. Fractionation of
these cells by Ficoll-Hypaque gradient assay (see Materials and
Methods) revealed that cells with low GPA expression are mostly
dead (data not shown).

Based on these initial results, a refined analysis of erythroid
differentiation was carried out using a recently developed method
[20]. Figure 4C displays the average Hb content of cells incubated
under aerobic and anaerobic conditions. As can be seen, CO-cells
has a significantly higher Hb content as compared to air- and Ny-
cells.

Typical, well-characterized morphological changes occurring
throughout erythroid differentiation include cell shrinkage, nuclear
condensation and peripheral shift, increased cytoplasm/nucleus
ratio and eventually enucleation [6,28]. Hence, as a next step, we
examined the morphological changes induced by CO via several
techniques. Figure 5A shows standard May-Griinwald-Giemsa
staining of cells kept under air or COA. The homogeneous
morphology of air-cells coincides with normal immature K562
cells, where most of cell volume is occupied by the nucleus. In
contrast, COA population appeared to be composed of both
immature as well as more mature cells in various differentiation
stages, as shown by their degree of nuclear condensation,
peripheral position of nuclei, and increased cytoplasm/nucleus
ratio (see Fig. 5A arrows). Progression of cells towards maturation
1s well evidenced by enucleation (Fig. 5A insert). In order to more
accurately assess the enucleation process, additional techniques
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Figure 4. COA induces erythroid differentiation demonstrated
by GPA expression and Hb synthesis. Cells were incubated under
aerobic and anaerobic conditions for 4 days. (A) Cell suspensions were
centrifuged and pellets were photographed. Note the prominent red
color in the CO-cell pellet. (B) FACS analysis of GPA expression. Dashed
line: auto-florescence, black - air, blue - N,A and red - COA. Note the
scale differences on the Y-axis. (C) Average cellular Hb content under
different conditions using “Hb quantification assay” (see Material and
Methods for details). Mean = SD from 3 independent experiments are
shown.

doi:10.1371/journal.pone.0033940.9004
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were employed. Figure 5B illustrates CO-cells double stained with
anti-GPA antibodies (upper panel - red) and Hoechst for nuclear
DNA (lower panel - blue). As can be seen, several cells with
intensive GPA expression are decreased in size and have lost their
nucleus (see details in figure legend). This result is correlated with
typical terminal-stage of erythroid differentiation. The refined
features of cell shapes as revealed by scanning electron microscopy
(SEM) are shown in Figure 5C. The upper panel presents a typical
ruffled immature K562 air-cell with a diameter of about 20 pm.
For comparison, the lower panel presents a CO-cell, with typical
differentiated and enucleated erythroid features such as concave,
smooth shape and decreased size (7 um in diameter). To further
corroborate these observations, a FACS analysis of GPA
expression dependence on cell size was performed on air- and
CO-cells. The enclosed squares of Figure 5D demonstrates large
fraction of small sized cells with increased GPA expression in CO-,
but not in air-cells.

To mvestigate whether the ability of CO to induce differenti-
ation has been fully utilized, nutrient-enriched medium (required
for Hb synthesis) was used. The results in Figure 6 demonstrate
that under these conditions, Hb synthesis was significantly

i~

10um

CcoO
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GPA fluorescence intensity

i

Focotieig

Cell size

Figure 5. COA induces morphological changes typical of
different stages of erythroid maturation. Cells were incubated
for 4 days under air or COA. (A) Cytospin slides of cells stained with
Giemsa-May-Griinwald. Arrows point to COA-cells in various maturation
stages. Note the nuclei positioned toward the cell periphery and their
condensation. Insert: terminal differentiation as seen by enucleation.
(B) Cells were double stained with Hoechst 33342 (blue) and o-GPA
(red) and then examined by fluorescence microscopy. Arrows indicate
the positive GPA and negative Hoechst stained enucleated cells. (C) Cell
morphology by Scanning Electron Microscopy (SEM). Air panel - a
typical immature cell is shown, COA panel - cell size and concave shape
typical for erythrocyte. (D) FACS analysis of GPA expression and cell size
(sample of 10,000 cells). Square-enclosed parameters typical of
differentiated of erythroid cells: small diameter due to condensation
and population expressing high level of GPA.
doi:10.1371/journal.pone.0033940.g005
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increased as compared to cell grown in a regular medium
(Fig. 4C). As seen in bar 2 of Figure 6, addition of components
required for heme synthesis resulted in elevated average Hb
content. Additional enrichment with amino acids, required for
globin synthesis, lead to a further increase in Hb content (bar 3 of
Fig. 6). Interestingly, this combined enrichment enabled the cells
to synthesize the amount of Hb which is normally present in
mature red blood cell.

Up to this stage, our results demonstrated that COA facilitates
the induction of erythroid differentiation. However, these data
were obtained under the non-physiological conditions of CO
saturated atmosphere. Although not yet quantified, much lower
CO concentrations may exist i vwo. Thus, the results of above
experiments demonstrate the potential effects of CO at high
concentration in the liquid phase, but may not be implemented to
in vivo conditions in the BM. Therefore, further experiments were
conducted to determine whether CO retains its specific differen-
tiation effects even at a drastically reduced concentration. To test
this assumption, additional studies were carried out comparing
traits of cells kept under NoA or 1% COA (i.e. 99% Ny and 1%
CO). We found, under all atmospheric and enriched medium
conditions, that viability was preserved during the first 3 days of
incubation (data not shown). At extended time periods (beyond 4
days), viability of No-cells and CO-cells significantly decreased,
while under 1% COA viability of most cells was preserved
(Fig. 7A). Measurement of Hb content indicated that although 1%
CO-cells were induced to synthesize Hb as compared to No-cells,
the average Hb concentration was much lower than that of COA
cells (Fig. 7B). These findings could reflect either reduction of Hb
concentration in all cells or an outcome of full differentiation of
only a small cell fraction. Indeed, as shown in Figure 8A, the
FACS analysis of 1% CO-cells (grey area) depicts a broad
spectrum of GPA expression in this population. In order to
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Figure 6. COA in enriched medium induces erythrocytes Hb
synthesis. Cells were incubated for 3 days in regular or enriched
medium (see Material and Methods for details). Hb content of cytosols
was measured using “Hb quantification assay”. Compositions of media
included: (1) medium only; (2) medium supplemented with “heme
required nutrients”; (3) highly enriched medium; RBC - Hb content of
mature erythrocytes.

doi:10.1371/journal.pone.0033940.g006
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distinguish between the two possibilities, cells were further
separated into two sub-populations of higher (H-) and lower (L-)
GPA expression, and the average Hb content of each fraction was
quantified (Fig. 8B). As seen, Hb content of H-GPA expression
cells was significantly higher than those of L-GPA. For technical
reasons we could not sort cells with the highest GPA expression,
which would probably have resulted in Hb content similar to that
of mature erythrocytes. Taken together, the above findings
confirmed that 1%COA induces heterogeneous erythroid matu-
ration, resulting in cell populating the entire spectrum of
differentiation stages.

Discussion

The results of the current study reveal that CO is adequate for
driving erythroid progenitor cells towards differentiation. This
information assists a premise that CO is the necessary “nursing”

COA

ve

20 COA

15

10

1

Average Hb content (pg/cell)

N\

Figure 7. 1%COA suffices for cell viability preservation and
elevated average Hb content. Cells were incubated anaerobically
with COA, N,A or 1% COA for 4 days in fully enriched media (details in
Fig. 6, bar 3). Hatched bar - COA, black - 1% COA and grey - N,A. (A) Cell
viability as assessed by TB assay. Note discontinuous Y-axis. (B) Average
Hb content in cell population as measured by “Hb quantification assay”
(see Material and Methods for details).

doi:10.1371/journal.pone.0033940.g007
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Figure 8. 1% COA-cells contain a subpopulation with elevated
Hb content. Cells were grown for 4 days in highly enriched medium
under 1% COA and sorted by FACS for higher (H-GPA) and lower (L-
GPA) GPA expression. (A) Grey area: GPA of total cell population. Black
area: cells with H-GPA population. White area: cells with L-GPA
population. (B) Hb content of sorted cells was measured by “Hb
quantification assay” (see Material and Methods for details). White bar:
L-GPA average Hb level. Black bar: H-GPA average Hb level.
doi:10.1371/journal.pone.0033940.9008

material supplied by the central macrophage to developing
erythroid progenitors in the EIL

Preservation of cell viability under COA anoxia is in agreement
with the literature information even beyond cellular level. For
example, C. Elegans embryos have been shown to conserve their
animation following maintenance at COA [29]. Importantly, it
appears that CO-induced erythroid differentiation (Fig. 4) is
accompanied by cell cycle S-phase arrest (Fig. 3). The link between
erythropoiesis and cell cycle arrest has been shown by a number of
carlier studies indicating that S-phase progression is synchronized
with several rapid committal differentiation stages [30]. Specifi-
cally, the erythroid transition from pro-erythroblast to basophilic
normoblast is accompanied by S-arrest [31]. Under COA,
enucleation of differentiated cells occurred (Fig. 5) and physiolog-
ical erythrocyte Hb concentrations were obtained (Fig. 6) in the
absence of macrophages. These findings are in accordance with
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previous studies where erythroid differentiation could be induced
in absence of macrophages, but with reduced efficiency [3,32].

To search for CO specific effects, the highest CO concentration
at atmospheric pressure, which resulted in a water phase
concentration of ~1 mM , was used in the first part of the
current study. Although at this stage, no precise information exists
regarding CO concentrations in the BM, it is expected to be much
lower. Thus, the second part of the study explored whether 1%
CO in the atmosphere, with a resulting CO concentration of
10 uM in the water phase, was still capable of maintaining cell
viability and inducing erythroid differentiation. Surprisingly, 1%
CO in Ny atmosphere was sufficient to prevent cell death observed
under NoA (Fig. 7A); moreover, 1% CO induced erythroid
maturation. Under these anaerobic, low CO conditions, average
Hb content was increased in comparison to NoA, but it was much
lower than that of COA cells (Fig. 7B). Data analysis (Fig. 8)
indicates that the low average Hb content was a result of diverse
cellular sub-populations each at a different maturation stage.
Thus, at low CO anaerobic atmospheric conditions, only a minor
fraction of total cell population attains full differentiation, while
other sub-populations reside at various lower maturation stages.
Interestingly, this i vitro model distribution of cellular maturation
closely parallels the wide spectrum of erythroblast maturation
stages surrounding the central macrophage n vivo [1].

&7 FLVCR L

. Reticulocyte é;:é Dispersed CO

‘ “Free” heme
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As noted above, erythroblasts lack HO-1 activity have
decreased HO-2 expression during the terminal differentiation
stage. Thus, it seems that the HO activity in the EI reside only in
the central macrophage. Furthermore, these cells have long been
recognized to retain high HO activity [33], which in context of the
current study results, may affect erythropoiesis via CO production.

A key question arising from this study is whether the results
contradict the well-known role of erythropoietin (EPO) as a key
regulator of red cell production [34]. Probably not, since a link
between EPO and HO-1 expression and function has become
clear in recent years [35-36]. While EPO exerts its macro-effect
via systemic pathways, HO-1/CO-induced differentiation seems
to be limited to the EI microenvironment.

What are the possible heme sources to induce HO-1 activity in
the EI central macrophage? As stated earlier, one well known
source is Hb residues, phagocytized along with the engulfed nuclei.
Another possible source could be direct transfer of excess toxic
heme [37] through the tightly attached membranes of the two cell
types. Recently, studies aimed at elucidating the mechanisms by
which heme is cleared from erythroblasts membrane revealed that
the trans-membrane protein, feline leukemia virus subgroup C
receptor (FLVCR), acts as a heme exporter [38]. The expression
of FLVCR is increased in human BM erythroid precursors during
the time course of erythropoiesis, where its expression peaks at the

Hemopexin

Central macrophage

Figure 9. Schematic presentation of CO production and function in the erythroblastic island. Shaded Red - Hb at varying
concentrations; Blue - nucleus; Green - CO. Stages of differentiation in El erythroblasts are shown in a clockwise fashion. 1: Clearance of FLVCR-
associated “free” heme by hemopexin. 2: HO-1 induction by FLVCR associated “free” heme. 3: Enucleation of terminally differentiated erythroblast in
El. 3a: Engulfment of nucleus containing Hb remnants. 3b: Reticulocyte movement toward blood circulation. 4: HO-1 induction by Hb heme
remnants. 4a. Dispersion of Hb in central macrophage. 4b. Formation of “free” heme from Hb phagocytosed with nucleus. 4c: Induction of HO-1 by
“free” heme. (The membrane attached HO-1 is shown in the macrophage center for illustration purpose only.) 5: CO production by HO-1, leading to
terminal differentiation. 5a. CO dispersion reaching erythroblast. 5b. Nuclear condensation and peripheral shift. 5c. Accelerated Hb synthesis, followed
by membrane-associated “free” heme. 5d. Terminal erythroid differentiation upon attaining maximal Hb content.

doi:10.1371/journal.pone.0033940.9g009
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intermediate stage of maturation and wanes at terminal matura-
tion stages [10]. This observation suggests that FLVCR is uniquely
important for CFU-E-proerythroblast survival and/or differenti-
ation [39]. For efficient clearance of the FLVCR attached heme,
further steps of heme transfer from FLVCR and its disintegration
are required. Indeed one such option of heme transfer from
FLVCR to hemopexin was shown, where the heme bound
hemopexin is further cleared in the liver [40]. An alternative
clearance option, specific to EI structures, could be the capture of
FLVCR bound heme by the HO-1, located in the macrophage
plasma membrane [41], a step well suited to the stage of terminal
erythroid differentiation, where the two cell type membranes are
tightly attached. This pathway could facilitate increased CO
production, which in turn diffuses back into the attached
erythroblasts to trigger additional erythroid maturation.

In conclusion, the results of the current study indicate that HO-
1-produced CO could be the “nursing” material provided by the
central macrophage to stimulate reticulocytes production in the
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EL Figure 9 represents a schematic model integrating the results of
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molecular level.

Acknowledgments

In memory of Prof. Mehdi Tavassoli, MD, a prominent scholar and
pioneer in hematopoietic research.

The authors would like to thank Yechiel Goldman for valuable editorial
assistance.

Author Contributions

Conceived and designed the experiments: ST MS NS . Performed the
experiments: ST. Analyzed the data: ST MS NS. Contributed reagents/
materials/analysis tools: ST MS NS. Wrote the paper: ST MS NS.

23. Schmidt H, Rath FW (1993) Cytogenetic analysis of a benzpyrene induced
osteosarcoma in the rat (Rattus norvegicus). Cancer Genet Cytogenet 71:
139-143.

24. Ray TL, Payne CD (1988) Scanning electron microscopy of epidermal
adherence and cavitation in murine candidiasis: a role for Candida acid
proteinase. Infect Immun 56: 1942-1949.

25. Huang M, Wang Y, Collins M, Mitchell BS, Graves LM (2002) A77 1726
induces differentiation of human myeloid leukemia K562 cells by depletion of
intracellular C'TP pools. Mol Pharmacol 62: 463-472.

26. Moosavi MA, Yazdanparast R, Lotfi A (2006) GTP induces S-phase cell-cycle
arrest and inhibits DNA synthesis in K562 cells but not in normal human
peripheral lymphocytes. J Biochem Mol Biol 39: 492-501.

27. Lee G, Lo A, Short SA, Mankelow TJ, Spring F, et al. (2006) Targeted gene
deletion demonstrates that the cell adhesion molecule ICAM-4 is critical for
erythroblastic island formation. Blood 108: 2064-2071.

28. Lu §J, Feng Q, Park JS, Vida L, Lee BS, et al. (2008) Biologic properties and
enucleation of red blood cells from human embryonic stem cells. Blood 112:
4475-4484.

29. Nystul TG, Roth MB (2004) Carbon monoxide-induced suspended animation
protects against hypoxic damage in Caenorhabditis elegans. Proc Natl Acad
Sci U S A 101: 9133-9136.

30. Isoyama K, Baliga S, Shah A, Mankad VN (1992) Relationship between cell-
cycle state of erythroid progenitors and fetal hemoglobin synthesis. Am J Hematol
39: 65-66.

31. Wojda U, Noel P, Miller JL (2002) Fetal and adult hemoglobin production
during adult erythropoiesis: coordinate expression correlates with cell prolifer-
ation. Blood 99: 3005-3013.

32. Rhodes MM, Kopsombut P, Bondurant MC, Price JO, Koury M]J (2008)
Adherence to macrophages in erythroblastic islands enhances erythroblast
proliferation and increases erythrocyte production by a different mechanism
thanerythropoietin. Blood 111: 1700-1708.

33. Yoshida T, Biro P, Cohen T, Miiller RM, Shibahara S (1988) Human heme
oxygenase cDNA and induction of its mRNA by hemin. Eur J Biochem 171:
457-461.

34. Panzenbock B, Bartunek P, Mapara MY, Zenke M (1998) Growth and
differentiation of human stem cell factor/erythropoietin-dependent erythroid
progenitor cells in vitro. Blood 92: 3658-3668.

35. Katavetin P, Inagi R, Miyata T, Shao J, Sassa R, et al. (2007) Erythropoietin
induces heme oxygenase-1 expression and attenuates oxidative stress. Biochem
Biophys Res Commun 359: 928-934.

36. Calo LA, Davis PA, Piccoli A, Pessina AC (2006) A role for heme oxygenase-1 in
the antioxidant and antiapoptotic effects of erythropoietin: the start of a good
news/bad news story? Nephron Physiol 103: 107-11.

37. Shaklai N, Avissar N, Rabizadeh E, Shaklai M (1986) Disintegration of red cell
membrane cytoskeleton by hemin. Biochem Int 13: 467-477.

38. Quigley JG, Yang Z, Worthington MT, Phillips JD, Sabo KM, et al. (2004)
Identification of a human heme exporter that is essential for rythropoiesis. Cell
118: 757-766.

39. Keel SB, Doty RT, Yang Z, Quigley JG, Chen J, et al. (2008) A heme export
protein is required for red blood cell differentiation and iron homeostasis.
Science 319: 825-828.

40. Yang Z, Philips JD, Doty RT, Giraudi P, Ostrow JD, et al. (2010) Kinetics and
specificity of feline leukemia virus subgroup C receptor (FLVCR) export
function and its dependence on hemopexin. J Biol Chem 285: 28874-28882.

41. Khan AA, Quigley JG (2011) Control of intracellular heme levels: heme
transporters and heme oxygenases. Biochim Biophys Acta 1813: 668-682.

March 2012 | Volume 7 | Issue 3 | 33940



