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Figure 4 increased expression of cardiovascular markers in MesP1-
overexpressing ES cells. RT-PCR for mesodermal markers at day 6 of
differentiation shows an increase in mRNA expression for cardiac markers
Nkx 2.5, GATA 4, Mef2c, connexin 45, connexin 43, MLC2v, Tni, TTR

and ANF in three independent MesP1-IRES-EGFP clones. In the same
clones, mRNA for the endothelial marker VE-Cadherin was increased,
whereas the skeletal muscle differentiation marker MyoD was decreased.

In the ectodermal lineage NeuroD and Neurogenin mRNAs were increased,
associated with decreased Cytokeratinl7 expression. The endodermal marker

after this time-point, the increased cardiovascular differentiation in
MesP1-overexpressing clones was confirmed by increases (approxi-
mately three-fold) in the Flk1-positive populations (Supplementary
Information, Fig. $3). These data suggest that MesP1-based cardiogen-
esis depends on initial general mesoderm formation'®.

The results in Fig. 5d confirm that the cardiogenic effect of MesP1
is mediated by upregulation of the Wnt inhibitor Dkk-1. To verify our
observations, reverse experiments were performed using stably expressed
shRNA to knockdown endogenous MesP1. In two independent clones
showing reduced MesP1 expression, this approach was accompanied by
downregulation of Dkk-1, Nkx2.5 and GATA-4 mRNA expression (Fig. 5e).
To extend the loss of function approach from ES cells to an in vivo set-
ting, we performed whole-mount in situ hybridization with late gastrulae
using wild-type and MesPI1~-;MesP2-"- double knockout embryos®. In
these embryos the absence of MesP expression led to loss of Dkk-1 mRNA,
specifically in the cardio-cranial mesoderm, caused by either silencing
of DKkk-1 transcription or loss of these cells (Fig. 5f). Therefore, Dkk-1
expression in the anterior cardio-cranial mesoderm indeed is depend-
ent on MesP function, whereas Dkk-1 expression in the anterior visceral
endoderm and at the base of the allantois is MesP-independent.

To determine whether MesP1 is indeed a transcriptional activator,
we performed luciferase assays using our mouse ES-cell lines. Each of
the two MesP1 binding-site motifs derived from the ADkk-1 promoter

HNF4 seemed to be unaffected. Full scans of key markers are shown in
Supplementary Information, Fig. S6. (b) FACS analysis for a-actinin at day
18 of differentiation. Cells expressing a-actinin were increased 1.8-fold in
MesP1 clones, compared with control transfected cells. (¢) FACS analysis for
cardiac MLC-1 at day 18 of differentiation. Cells expressing cardiac MLC-1
were increased 1,9-fold in MesP1 clones, compared with control transfected
cells. (d) FACS analysis for CD31 (PECAM) at day 6 of differentiation. Cells
expressing CD31 were increased 2-fold in MesP1 clones, compared with
control transfected cells.

produced a six- to eight-fold increase in luciferase activity in MesP1-
overexpressing cells (Fig. 5g). These results demonstrate that MesP1 acts
as a transcriptional activator at the sites identified by ChIP-analysis.
These findings were confirmed by in vivo experiments, where hMesP1
mRNA or hMesP1 expression plasmids were injected into the animal
pole of two-cell Xenopus embryos, which were then subjected to quan-
titative RT-PCR analysis for Dkk-1 mRNA at Nieuwkoop-Faber Stage
14 (Supplementary Information, Fig. S5B). Similarly, injections target-
ing the mesendoderm of four-cell Xenopus embryos showed increased
Dkk-1 mRNA levels (data not shown).

Recently, it has been shown that in Xenopus, Wnt antagonists stimu-
late cardiogenesis non-cell-autonomously, up to several cells away from
those in which canonical Wnt/B-catenin signalling is blocked, indicative
ofan indirect role in heart induction. Dkk-1, which is found in defined
mesodermal lineages, including the heart, and other inhibitors of the
canonical Wnt pathway, induce Hex expression in endoderm underlying
the presumptive cardiac mesoderm. Loss of Hex blocks endogenous car-
diogenesis and ectopic heart induction by Dkk-1, whereas ectopic Hex
induces expression of cardiac markers non-cell-autonomously. Thus,
to initiate cardiogenesis, Wnt antagonists act on endoderm to upregulate
Hex, which, in turn, has been suggested to control the production of
endoderm-derived, diffusible heart-inducing factors'®2°. Our observa-
tion of a marked increase of Hex mRNA in MesP1-overexpressing ES
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Figure 5 MesP1 enhances cardiovascular differentiation via Dkk-1 mediated
blockage of Wnt-signalling. {a) PCRs frem immunoprecipitated and total
input DNA. Two Dkk-1 promoter-derived PCR-fragments containing bHLH
responsive elements were enriched. (b) EMSAs using nuclear ES cell extract
and the isolated bHLH responsive elements. Lanes 1, 5: specific shift; lanes
2, 6: competition with 100x excess of unlabelled specific probe; lanes 3,

7: competition with 100x excess of unlabelled non-specific probe; lanes

4, 8: supershift. (c) Whole-mount samples from in situ hybridization of late
gastrulae and cross-sections at the indicated level: MesP1 and Dkk-1 mRNAs
were co-expressed in cardio-cranial-mesoderm precursors. Left upper panel:
MesP1 expression at £7.5 in mesoderm precursors migrating laterally from
the primitive streak to give rise to cardio-cranial mesoderm. MesP1 was

also expressed at the base of the allantois (*). Right upper panel: Dkk-1
expression in the anterior visceral endoderm (AVE), the anterior cardio-cranial
mesoderm (arrowhead) and the base of the allantois. Sections show MesPI-
mRNA (left lower panel) in posterior and lateral mesoderm, giving rise to
cardio-cranial mesoderm. Right lower panel: Dkk-1 expression in lateral

E-Box; -9.5kb E-Box; -11.6kb

and anterior cardio-cranial mesoderm. Arrowheads: overlapping domains

of MesP1 and Dkk-1. Scale bars are 150 um. (d) RT-PCR from MesP1-ES
cells (day 3 of differentiation): an increase of MRNA expression for GATA4
and Nkx2.5 but not brachyury was observed in three independent clones.
Similarly, mRNAs for the Wnt inhibitor Dkk-1 and Hex were enhanced.

Full scans shown in Supplementary Information, Fig. S6. (e) Knockdown

of endogenous MesP1 in ES cells using stably expressed shRNA caused
reductions in Dkk-1, Nkx2.5 and GATA-4 mRNA levels (data are mean + s.
d., n=4). (f) In situ hybridization of late gastrulae for Dkk-1 using wild-type
(left) and MesP1+;MesP2-- double knockouts (right): in the knockouts, Dkk-
1 mRNA was specifically lost in the cardio-cranial mesoderm (arrowheads).
Scale bar is 150 pym. (g) Luciferase assays using control and MesP1-

- overexpressing ES-cells. Each of the two conserved MesP1-binding sites (E-
Box-9.5 kb; E-Box-11.6 kb) was sufficient to enhance luciferase expression
6-8 fold in hMesP1-overexpressing cells versus control ES cells. A control
reporter gene containing a bHLH-half-site motif (2x DR Q) was not activated
by MesP1 (data are mean +s.d., n=5, *P < 0.0025).
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cells at day 3 of differentiation, leading to high levels of the cardiogenic
markers Nkx2.5 and GATA~4, supports these findings (Fig. 5d). On the
other hand, it was recently demonstrated that during the period of MesP1
expression, cardiogenic cells themselves are susceptible to Wnt-signal-
ling, confirming that a precise amount and/or timing of Wnt/B-catenin
signalling is required for formation of a proper heart tube?'.

In contrast to the requirement for inhibition of canonical Wnt-signal-
ling at the onset of cardiogenesis, canonical Wnt-signalling seems to
be required for the expansion and maturation of primary and second-
ary heart-field-derived cardiomyocytes during further development of
the vertebrate heart*?, This is reflected in vivo by Wnt8a expression
from day 8.5 post conceptionem in mouse myocardium of the common
ventricular and atrial chambers*. Qur observation of a decrease in
Dkk-1 mRNA below detection levels in control as well as MesP1-over-
expressing ES cells at day 6 of differentiation supports these findings
(not shown). In addition, the reduction of Dkk-1 mRNA to control
levels correlates with the ‘shut-off” in MesP1 overexpression caused
by silencing of the CMV promoter described above (Supplementary
Information, Fig. S1).

On the basis of our results, we suggest that MesP1 has a key role dur-
ing the earliest time points of cardiovascular determination in the lateral
plate mesoderm (Supplementary Information, Fig. $5C). This function
seems to be highly conserved among chordates'*”*. However, in con-
trast to our experimental conditions, ectopic heart formation in Ciona
requires a constitutively active form of Cs-MesP®. Aside from MesP1
overexpression, an induction of vertebrate myocardial tissue has only
been achieved by overexpression of GATA-5 in Zebrafish?.

It will therefore be of great interest to identify additional direct target
genes of MesP1 and factors regulating MesP1 expression. This knowl-
edge will be required to increase the yield of human cardiovascular cells
derived from ES cells for future cell therapy and tissue engineering. It
will also be of great interest to transfer this approach to various sub-
populations of human adult stem cells, whose cardiac transdifferentia-
tion potential has not yet been proven. Manipulation of these cells by
overexpression of MesP1 or other factors may help to overcome the
hurdles existing for cardiovascular differentiation of adult stem cells in
their native state.

METHODS

Plasmid construction. Human full-length MesP! cDNA was amplified from
human heart cDNA by proofreading PCR using Pfu-Polymerase (Stratagene) and
doned in pCR-XL-Topo (Invitrogen). Subsequently, the doned PCR fragment was
subcloned into the pIRES-EGFP-2 vector (Clontech) using Sacl and Pst1. After
sequencing, this vector was used for electroporation of GSES cells and subsequent
selection of stable clones. pPEGFP-N1 served as a control transfection plasmid in
non-MesP1 -overexpressing cells.

Xenopus injections. Xenopus embryos used for in situ hybridizations or movie
documentations were injected with MesP1 plasmid DNA (100 pg) at thetwo-cell
stage into one blastomere, according to standard protocols®. For these experi-
ments, a Globin 5’UTR cassette?” had been introduced upstream of the MesP1
¢DNA to stabilize the mRNA in the Xenopus embryos. For quantitative RT-PCR,
embryos used were injected with either MesPI mRNA (4 x 60 pg) or MesP1 plas-
mid DNA (4 x 60 pg and 4 x 120 pg).

ES cell culture. Electroporation and isolation of stable clones using the mouse
ES cell line GSES were performed according to standard protocols, with
minor modifications®. Non-linearized vector (5 pg) was used for electropora-
tion (240V/500 pF) of GSES cells (5 x 10). Transgenic ES cells were grown in
high-glucose Dulbeccos modified Eagle medium (DMEM) supplemented with
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10% heat-inactivated ES-qualified fetal calf serum (FCS), 2 mM L-glutamine,
50 units ml~* penicillin, 50 pg mil™ streptomycin, 1x non-essential amino acids,
0.4 mg mi™ geneticin (G418) (Gibco), and 0.1 mM B-mercaptoethanol (Sigma).
The cells were maintained in an undifferentiated state under feeder-free condi-
tions by addition of 1000 units ml* purified recombinant mouse LIF (ESGRO,
Life Technologies). Cells were maintained at 37 °C in a humidified atmosphere
of 5% CO,/95% air. Monolayers were passaged by trypsinization at confluence
(70-809%). For FACS, differentiated cells were dissociated using PBS containing
5 mM EDTA, as described betow. In vitro differentiation was initiated as follows:
GSES cells were collected with 0.25% trypsin-EDTA and dissociated cells were
transferred to bacteriological dishes ata density of 2 x 10° ES cells ml in Iscoves
modified Eagles medium (IMEM, Sigma) supplemented with 10% heat-inacti-
vated FCS, 2 mM L-glutamine, 50 units ml™ penicillin, 50 ug mi™ streptomycin,
1x non-essential amino acids (Life Technologies) and 450 pM a-monothioglyc-
erol (Sigma). After 2 days, EBs were transferred to new medium. At day 6, EBs
of similar size were plated on gelatin-coated tissue culture dishes. The growth
medium for the attached differentiation cultures was changed every day.

Western blotting. A peptide antibody specific for amino acids 55-69 of human
MesP1 was raised in rabbit and affinity purified. Western blotting was performed
according to standard protocols, as previously described?.

RT-PCR. Semi-quantitative RT-PCR incorporating *P was performed as
described previously’. The PCR fragments corresponded to base pairs (bp)
64-189 of H4, bp 641-1058 of GATA4, bp 1332-1454 of Nkx2.5, bp 580-810
of brachyury, bp 593-831 of ANF, bp 76-226 of connexin 43, bp 3-358 of con-
nexin 45, bp 13261476 of Mef2c, bp 5-349 of TTR, bp 511-613 of Tnf, bp 5-260
of MLC2v, bp 65-270 of VE-cadherin, bp 4-300 of MyoD, bp 81-393 of Neuro D,
bp 315-625 of neurogenin, bp 17-356 of Cytokeratin 17, bp 66-386 of HNF-4,bp
409-721 of Oct4, bp 5-271 of Nanog, bp 165-419 of Rex- 1, bp 50-435 of Dkk-1
and bp99-478 of Hex. The annealing temperature was 57 °C for all primer pairs
using 25-32 cycles.

[Flow cytometry. For FACS analysis to detect EGFP expression, cells were dissoci-
ated in PBS containing 5 mM EDTA for 15 min at 37 °C afier washing them twice
in PBS without calcium. Subsequently, the cells were centrifuged at 900g for 3 min
in an Eppendorf centrifuge and resuspended in 160  ice-cold PBS containing
2% bovine serum albumin. FACS analysis for EGFP expression was performed
immediately after this procedure. For FACS analysis of CD31/PECAM-expressing
cells, the protocol included an incubation in PE-conjugated aCD31-antibodies
(BD Pharmingen), according to the manufacturer’s protocol, before measuring.
PE-conjugated IgG, k served as isotype controls. FACS analysis for a-actinin was
performed as described previously !, using the primary antibody EA53 (Sigma-
Aldrich) and a PE-conjugated secondary antibody (BD Pharmingen). For isotype
controls, purified IgG k was used. All FACS analyses for in vivo fluorescence
as well as surface and intracellular antigens were performed with an Epics XL
(Beckman-Coulter) using the evaluation program EXPO32ADC.

Confocal microscopic analysis. Innninostaining was performed according to
standard protocols, as described previously’®. EB outgrowths seeded on 12 mm
gelatin-coated glass coverslips were rinsed with PBS fixed for 20 min at room
temperature with 3.7% formaldehyde and neutralized with 50 mM glycine. The
cells were permeabilized using 0.4% Triton X-100 in PBS and incubated with the
primary antibody in a humidified chamber at 37 °C for 2 h. After washing with
0.4% Triton X-100 and PBS, secondary Cy3-conjugated antibody was added and
the specimens were incubated for 2 h at 37 °C. Finally, the cells were washed and
mounted with Mowiol (Calbiochem).

Electrophysiological analysis. Isolation and electrophysiological analysis of
spontaneously beating cardiac cells from EB was performed based on methods
described previously?®. Preparation and analysis of mouse embryonic cardiomyo-
cytes, developmental day 10, was performed as described previously”. Please refer
to Supplementary Methods for a detailed description.

Electron microscopy. For electron microscopy, the cells were cultivated on
gelatine-coated tissue dides until day 12 of differentiation, fixed in 6.25%
glutaraldehyde in Soerensen-Phosphate buffer, stained in 2% osmium (in
aqua dest. for 1 h), dehydrated in acetone and embedded in epon. By heat-
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ing, the polymerized epon plate was snipped off from the tissue slide for
cutting ultra thin sections, which were counterstained with uranyi acetate
and lead citrate.

ChIP assays. For ChIP assays, transfected cells were fixed in 1% formalde-
hyde and quenched in 0.125 M glycine. For subsequent cloning of precipitated
fragments, further processing was performed as described previously®. For
PCR (after ChIP assays) primers corresponded to the mouse Dkk-1 promoter
regions {-2.2 kb region: upper primer: 5'-GAATATGGGGAGAGAAGTGG-
3’; lower primer: 5-CAGCATACTACTAGCAATGTC-3"; -3.8kb Region:
upper primer: 5'-GCTTGTCTATCACGATGAGC-3"; lower primer: 5°-
GCAAAGATTTCCCGTTCCTG-3"). All ChIP samples were tested for false-
positive PCR amplification using primers amplifying 125 bp from the H4 gene
(for genomic DNA contamination).

Electrophoretic mobility shift assays (EMSAs). EMSAs were performed accord-
ing to the manufacturer’s protocol (Pierce) using nudear extracts from transfected
cells. Oligonucleotide sequences used for labelled EMSA probesand 100x specific
competition were: mDkk-1 (-3.8 kb): GTCGAGGAGAAAGCATATGCTTTT
TATTAAAC; mDkk-1 (-2.2 kb): GAGAGAAGTGGCACATATGTGTATTTC
TAGG. For non-specific 100x competition oligonucleotides were: mDkk-1us
(~3.8 kb): GTCGAGGAGAAAGaaaATGCTTTTTATTAAAC; mDkk-1us (-
2.2kb): GAGAGAAGTGGCA22aATGTGTATTTCTAGG. Lower-case letters
represent mutations in the bHLH motifs.

Note: Suppl

tary Information is available on the Nature Cell Biology website.
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Abstract Membrane channel connexin (Cx) forms gap
junctions that are implicated in the homeostatic regulation
of multicellular systems; thus, hematopoietic cells. were
assumed not to express Cxs. However, hematopoietic
progenitors organize a multicellular system during the
primitive stage; thus, the aim of the present study was to
determine whether Cx32, a member of the Cx family, may
function during the primitive steady-state hematopoiesis in
the bone marrow (BM). First, the numbers of mononuclear
cells in the peripheral blood and various hematopoietic
progenitor ccmpartments in the BM decreased in Cx32-
knockout (KO) mice. Second, on the contrary, the number
of primitive hematopoietic progenitor cells, specifically the
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Lin/c-kit*/Scal* fraction, the KSL progenitor cell com-
partment, also increased in Cx32-KO mice. Third,
expression of Cx32 was detected in Lin/c-kit* hemato-
poietic progenitor cells of wild-type mice (0.27% in the
BM), whereas it was not detected in unfractionated wild-
type BM cells. Furthermore, cell-cycle analysis of the
fractionated KSL compartment from Cx32-KO BM
showed a higher ratio in the G,/M fraction. Taken together,
all these results imply that Cx32 is expressed solely in the
primitive stem cell compartment, which maintains the
stemness of the cells, i.e., being quiescent and noncycling;
and once Cx32 is knocked out, these progenitor cells are
expected to enter the cell cycle, followed by proliferation
and differentiation for maintaining the number of periph-
eral blood cells.

Keywords Connexin 32 - Hematopoiesis - Hematopoietic
stem cell - Cx32-knockout mouse

Introduction

Connexin (Cx) functions in the organization of cell-cell
communication via gap junctions in multicellular organ-
isms. Gap junctions have been implicated in the homeo-
static regulation of various cellular functions, including
growth control and differentiation (Loewenstein, 1979),
apoptosis (Wilson, Close & Trosko, 2000) and the syn-
chronization of electrotonic and metabolic functions
(Bruzzone, White & Paul, 1996).

The role of Cxs in hematopoietic organs is poorly
understood, except that the expression of Cx43 between
hematopoietic progenitor cells and bone marrow (BM)
stromal cells sustains hematopoiesis (Rosendaal, Gregan &
Green, 1991; Ploemacher et al., 2000; Cancelas et al.,
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2000; Montecino-Rodriguez, Leathers & Dorshkind, 2000).
As Cxs are essential molecules for multicellular organisms,
Cxs that organize cell-cell communication within the
hematopoietic progenitor cell compartment are surmised to
be present in BM tissue. If Cxs are present among hema-
topoietic progenitor cells, what would be their functions?

Krenacs & Rosendaal (1998) previously reported that
Cx32 is not expressed in the BM. Therefore, if Cx32 is
expressed in the blood cells, such Cx32-expressing cells
would likely be, e.g., solely hematopoietic stem/progenitor
cells. Such a specific study was supposed to be supported
by the use of knockout (KO) mice for specific Cx mole-
cules. Consequently, we found a functional impairment of
the BM in Cx32-KO mice in our benzene exposure
experiment (Yoon et al., 2004).

Cx32-KO mice were first established in 1996 by Will-
ecke (Nelles et al., 1996). Using these Cx32-KO mice, an
analysis of the possible functions of Cx32 in hematopoietic
stem/progenitor cells was conducted using a reverse bio-
logical approach. Cx32-KO mice showed decreased num-
bers of peripheral mononuclear cells, various progenitor
cell compartments and an increased primitive stem cell
fraction, such as the lineage marker-negative (Lin~)/c-kit-
positive (c-kit")/stem cell antigen-1-positive (Scal*)
(=KSL) fraction. On the contrary, in wild-type mice,
expression of Cx32 was detected by immunocytochemistry
and reverse transcriptase-polymerase chain reaction (RT-
PCR), although it was not detected in unfractionated wild-
type BM cells. Subsequent cell-cycle analyses, one for
colony-forming progenitors using the method for evalua-
tion of cycling progenitor cells with incorporation of
bromodeoxyuridine (BrdUrd) followed by exposure to
ultraviolet A (UVA) (see, BUUV Assay in Materials and
Methods) and the other using a cell sorter with Hoechst
33342 for the KSL fraction, showed a significant increase
in the ratio of the cell-cycle fraction in both compartments
in the BM of Cx32-KO mice. The functions of Cx32,
which is expressed in primitive hematopoietic stem/pro-
genitor cells, are likely restoration of stem/progenitor cell
quiescence and maintenance of primitive stem cells to
prevent exhaustion.

Materials and Methods
Experimental Animals

Cx32-KO mice (Cx327" or Cx327Y) were genetically
modified from the F; embryonic cell line 129/J and the
C57BL/6 strain developed by Willecke (Nelles et al.,
1996). Heterozygous mice (Cx327*) backcrossed with the
C57BL/6 strain and maintained at the animal facility of
the National Institute of Health Sciences (NIHS), Tokyo,
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Japan, were used. The pups were genotyped by PCR for
screening of DNA from their tails.

Eight-week-old C57BL/6 male mice from Japan SLC
(Hamamatsu, Japan) were used for the colonization assay.
All experimental protocols involving laboratory mice in
this study were reviewed by a peer review panel, the
Interdisciplinary Monitoring Committee for the Right Use
and Welfare of Experimental Animals, established at the
NIHS, and approved by the Committee for Animal Care
and Use at the NIHS with the experimental code 224-
37009639415-2002.

Blood and BM Separation

The numbers of peripheral white blood cells, platelets and
red blood cells were measured using a Coulter counter
(Sysmex K-4500; Sysmex, Kobe, Japan). BM cells were
harvested from the femur of each mouse (Yoon et al.,
2001) after the animals were killed by cervical dislocation
under deep anesthesia with ethyl ether. A 26-gauge needle
was inserted into the femoral bone cavity through the
proximal and distal ends of the bone shafts, and BM cells
were flushed out under pressure by injecting 2 ml of a-
minimum essential medium («-MEM) with ribonucleosides
and deoxyribonucleosides (Invitrogen, Carlsbad, CA).

Antibodies and Immunomagnetic Bead Separation

For the depletion of differentiated (lineage marker-posi-
tive) cells from BM cells, immunomagnetic bead separa-
tion (BD IMag Mouse Hematopoietic Progenitor Cell
Enrichment™ set; BD Biosciences, San Jose, CA) or im-
munobead density gradient separation (SpinSep™™; Stem-
Cell Technologies, Vancouver, Canada) was performed. As
for lineage (Lin) markers, a biotinylated antibody cocktail
(BD Biosciences) containing anti-mouse CD3e (145-
2C11), CD11b (M1/70), CD45R/B220 (RA3-6B2), Ly-6G
and Ly-6C/Gr-1 (RB6-8C5) and TER-119/erythroid cell
(TER-119) antibodies and a monoclonal antibody cocktail
(SpinSep) containing anti-CD5/Ly-1, CD45R, CD11b/
Mac-1, Ly-6G/Gr-1, TER119 and 7/4/neutrophil antibodies
were used. As a secondary antibody for the former bioti-
nylated antibody cocktail, streptavidin (StAv)-coated beads
(BD Biosciences) for depletion and StAv-peridinin chlo-
rophyll-a protein (PerCP, BD Biosciences) for visualiza-
tion were used. For the latter cocktail (SpinSep), an
optimized combination antibody cocktail against it that had
been coated on dense microparticles, i.e., SpinSep Mouse
Dense Particles (StemCell Technologies), was used for
immunoprecipitation.

For enrichment of the c-kit" fraction by immunomag-
netic bead separation, CD117/c-kit-conjugated phycoery-
thrin (PE, StemCell Technologies) was used as a progenitor
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marker and, as a secondary antibody, an anti-PE tetrameric
antibody complex (StemCell Technologies) was used.

For detection of Cx32-positive cells by flow cytometry,
a mouse anti-Cx32 monoclonal antibody from two sources
(Chemicon International, Temecula, CA; Santa Cruz
Technology, Santa Cruz, CA) as a primary antibody and an
anti-mouse immunoglobulin (Ig) conjugated with fluores-
cein isothiocyanate (FITC) as a secondary antibody (BD
Biosciences) were used.

For cell-cycle analysis by flow cytometry, as lineage
markers, the same antibody cocktails from BD Biosciences
were used. In addition, CD117/c-kit conjugated with allo-
phycocyanin (APC), stem cell antigen (Scal) antibody
conjugated with PE and an AT-rich DNA-binding dye,
Hoechst 33342 (Sigma, St. Louis, MO), were used.

Immunohistochemical Analysis

The same anti-Cx32 antibody (Chemicon International)
was used as the primary antibody. As for the secondary
antibody, a biotinylated horse anti-mouse Ig G (Vector
Laboratories, Burlingame, CA) was used, and streptavidin
labeled with peroxidase and 3,3’-diaminobenzidine was
used to detect immunoreactivity (Vector Laboratories).

Enrichment of BM Cells in Lin™/c-kit* Fraction

The Lin/c-kit" fraction is rich in hematopoietic stem
cells (HSCs). To obtain a large number of Lin7/c-kit™
progenitor cell-enriched fraction in BM cells, a combi-
nation of immunobead density gradient and immuno-
magnetic bead separation techniques was carried out.
First, for the depletion of lineage-positive BM cells,
harvested BM cells were processed through an immu-
nobead density gradient using a density-matched medium
and dense microparticles coated with a cocktail of an
optimized combination of antibodies called SpinSep
(StemCell Technologies). Second, for the selection of the
c-kit* fraction, immunomagnetic bead separation using
magnetic nanoparticles with a magnetic holder was car-
red out according to the manufacturer’s instruction
(StemCell Technologies). For each procedure, the anti-
bodies used are described under Antibodies and Immu-
nomagnetic Bead Separation, above.

Flow-Cytometric Analysis using Anti-Cx32 Antibody

BM cells with or without fractionation for Lin /c-kit"* HSC
enrichment were stained with the biotinylated antibody
cocktail of StAv-PerCP, c-kit-PE, the anti-Cx32 antibody
and anti-mouse IgG conjugated with FITC. Flow-cyto-
metric analysis was carried out using FACSVantage and
FACSAria (both from BD Biosciences).

Flow-Cytometric Analysis for Cell Cycle of KSL
Fraction

Lineage-depleted BM cells were stained with the biotiny-
lated antibody cocktail with StAv-PerCP, c-kit-APC, Scal-
PE and Hoechst 33342. Flow-cytometric analysis was
carried out using FACSAria.

BUUV Assay

Hematopoietic progenitor cell-specific kinetic studies were
evaluated by continuous labeling by an osmotic minipump
(Alza, Palo Alto, CA) of BrdUrd for cycling cells, followed
by UVA exposure and hematopoietic colonization assay
(BUUV assay, details in Hirabayashi et al., 1998, 2002).

Irradiation

In the assay of hematopoietic progenitor cells, recipient
mice were exposed to a lethal radiation dose of 915 cGy, at
a dose rate of 124 cGy per minute, using a 137Cs-gamma
irradiator (Gammacell 40 Exactor; MDS Nordin, Ottawa,
Canada) with a 0.5-mm aluminum-copper filter.

Assay for Colony-Forming Units in Spleen

The Till & McCulloch (1961) method was used to deter-
mine the number of hematopoietic spleen colonies, i.e.,
colony-forming units in spleen (CFU-S), formed by
hematopoietic progenitor cells. Aliquots of a BM cell
suspension were used for evaluating the numbers of CFU-
S. Spleens were harvested 9 or 13 days after BM trans-
plantation for determining the number of CFU-S-9 or CFU-
S-13 and then fixed in Bouin’s solution. Macroscopic
spleen colonies were counted under an inverted microscope
at X5.6. It was previously shown, using the C57BL/6 strain,
that all colonies visible on days 9 and 13 originate from
transplanted BM cells under the condition that the recipient
mice are exposed to a lethal radiation dose of 915 cGy
(Hirabayashi et al., 2002).

Assay for Granulocyte-Macrophage
Colony-Forming Units

Granulocyte-macrophage colony-forming units (CFU-
GM) were assayed in semisolid methylcellulose culture
(Yoon et al., 2001; Hirabayashi et al., 2002). Briefly, 8 x
10* BM cells suspended in 100 pi of «-MEM were ad-
ded to 3.9 ml of culture medium containing 1% meth-
ylcellulose (Nakarai-Tesque, Kyoto, Japan), 30% fetal
calf serum (HyClone Laboratories, Logan, UT), 1% bo-
vine serum albumin (Sigma), 10~ M mercaptoethanol
(Sigma) and 10" ng/ml murine granulocyte-macrophage
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colony-stimulating factor (GM-CSF; R&D Systems,
Minneapolis, MN). One-milliliter aliquots containing 2 X
10* cells were placed in 35-mm tissue culture wells
(Nalgen Nunc International, Rochester, NY) in triplicate
and incubated for 6 days in a fully humidified incubator
at 37°C with 5% CO, in air. Colonies were counted
using an inverted microscope at x40 (Olympus Optical,
Tokyo, Japan).

PCR Analysis for Genotyping

To detect Cx32 wild-type and Cx32-KO alleles, PCR
analysis was performed using genomic DNA from the tail
of each mouse, and synthetic oligonucleotides were used as
primers (Nelles et al., 1996). To detect the wild-type allele,
a 5’ primer (ccataagtcaggtgtaaaggage) and a 3’ primer (a-
gataagctgcagggaccatagg) were used; to detect the Cx32-
KO allele, a common 5" primer and a neo-primer (at-
catgcgaaacgatcctcatcc) were used.

Reverse Transcription and PCR Analysis of Cx32
Expression

Expression of the gene encoding Cx32 was analyzed by
reverse transcription followed by PCR. The total RNA
from BM cells and other tissues was isolated using a
Qiagen RNAeasy kit (Qiagen, Valencia, CA).

Statistical Analysis

The data obtained were stored in a computer and processed
for statistical analysis using Student’s ¢-test to evaluate the
significance of differences in blood cell count, BM cellu-
larity and the numbers of progenitor cells, CFU-GM, CFU-S-
9 and CFU-S-13 between the wild-type group and the KO
group. Differences with p <0.05 were considered significant.

Results
Expression of Cx32 in Bone Marrow

Table 1 shows various blood cell parameters for the wild-
type and Cx32-KO mice, with body weight and spleen
weight as references. Although the total numbers of BM cells
and red blood cells did not significantly differ between the
wild-type mice and the Cx32-KO mice, the numbers of white
blood cells and platelets from the peripheral blood, CFU-S-
13 (primitive hematopoietic progenitor cells), CFU-S-9
(differentiated progenitor cells) and CFU-GM (progenitor
cells cultured in vitro) were all significantly lower in the
Cx32-KO mice than in the wild-type mice. These results
suggest that the Cx32-KO mice have a potential disadvan-
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Table 1 Parameters associated with steady-state hematopoiesis

Parameter Wild-type Cx32-KO
Body weight (g) 226 £ 197 2.5+ 177
Spleen weight (mg) 77.8 £ 17.7 88.3 + 9.6
BM cellularity (x10"/femur) 228 +£023 2.15+0.08
Peripheral blood cells

Red (x107/ml) 960 = 30.8 930 + 50.4

White (x10*/ml)* 7,300 = 283 5,633 = 569

Platelets (x10”/ml)* 67.6 + 0.14 48.7 £ 0.93
Hematopoietic progenitor cells

CFU-GM (x10*/femur)* 387 £33.5 251+ 274

CFU-S-9 (x10*/femur)* 458 + 4.78 327523

CFU-$-13 (x10%femur)* 27.7 £ 3.35 21.1 + 2385

Each value is expressed as average (n = 6 for each genotype) +
standard deviation except for the value of the hematopoietic pro-
genitor cells. The numbers of hematopoietic progenitor cells in
steady-state CFU-GM, day-9 spleen colonies (CFU-S-9) and day-13
spleen colonies (CFU-S-13) are expressed as average (three donor
mice were used for each genotype, and six mice were used for each
recipient group) * standard deviation

* The difference calculated by r-test between wild-type and Cx32-KO
is significant (p < 0.05) :

tage in hematopoiesis. However, when we studied the
expression of Cx32 in BM cells by RT-PCR, as shown in
Figure 1, neither the expression of Cx32 in the spleen (not
shown) nor that in the BM was detected except in the positive
known control, the hepatic tissue. Thus, the negative
expression of Cx32 in BM cells is in good agreement with a
previous observation (Krenacs & Rosendaal, 1998).

We next studied Cx32 expression in colonies developed
in the spleen in lethally irradiated wild-type recipient mice
after injection of BM cells from wild-type mice or from
Cx32-KO mice. Hematopoietic spleen colonies consist of a
large number of immature cells rather than cells from the
peripheral blood or unfractionated BM cells (Hirabayashi
et al., 2002). Expression of Cx32 detected by RT-PCR
analysis was only observed in the hematopoietic spleen
colonies derived from wild-type BM cells (Fig. 1, lanes
Al, A2). Expression of Cx32 was not detected in colonies
derived from Cx32-KO BM cells, which are negative
controls (Fig. 1, lanes B1, B2). Expression of Cx32 was
also detected in spleen colonies from Cx32-KO recipient
mice that had been repopulated with wild-type BM cells
(Fig. 1, lanes C1, C2).

Immunohistochemical staining with the anti-Cx32 anti-
body was carried out to examine the hematopoietic spleen
colonies originating from BM cells from wild-type mice
and from Cx32-KO mice. A colony originating from a
wild-type BM cell showed mild and mottled staining in the
outer boundary of the spleen colonies, whereas a colony
originating from Cx32-KO BM cells showed no staining
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Template | None

RT

Cx32 (569bp)
B-actin(226bp)

Fig. 1 Expression of Cx32 in BM and hematopoietic spleen colonies.
Total RNAs were extracted for RT-PCR from the liver (Liv) and BM
of wild-type mice and CFU-S-9. Note that Cx32 expression was not
detected in the BM but was detected in the liver, which is a positive
control (see Materials and Methods). To obtain CFU-S, lethally
irradiated wild-type mice were injected with BM cells from wild-type
or Cx32-KO donor mice. After 9 days, total RNAs extracted from
individual hematopoietic spleen colonies derived from wild-type BM

28.8%

10! 10° 10°
Fluorescence intensity (Cx32-FITC)

Fig. 2 Flow-cytometric analyses of Lin/c-kit* Cx32-positive cells
from wild-type mice. Flow cytometry after BM cell separation was
carried out by a combination of immunobead density gradient
separation and immunomagnetic bead separation. Histogram of FITC-
labeled anti-Cx32 antibody. Lin7/c-kit* fraction (a) and Lin*/c-kit”

(data not shown). The findings described above suggest
expression of Cx32 in the hematopoietic progenitor cells or
stem cells alone; thus, further precise experiments were
conducted.

Expression of Cx32 in Lin"/c-kit" Hematopoietic
Progenitor Cell Compartment

We determined whether Cx32-positive cells are consis-
tently found in the HSC compartment. First, the Lin /c-
kit* HSC-enriched fraction was obtained by the combi-
nation of immunobead density gradient separation for
depleting lineage-positive cells and immunomagnetic
bead separation for selecting c-kit® cells, followed by
flow-cytometric analysis using the anti-Cx32 antibody.
The separated Lin7/c-kit" HSC fraction was 0.25% of the
original unfractionated wild-type BM cells. The propor-

tion of the Lin7/c-kit" compartment (HSC compartment) -

is 90.2% of the Lin7/c-kit" HSC-enriched preseparated
fraction. Furthermore, the number of Lin7/c-kit" com-
partments is 106.9-fold higher than the fraction of the

cells or those from Cx32-KO BM cells were reverse-transcribed,
followed by PCR and then loaded (lanes Al, A2, CI and C2). Also,
total RNAs extracted from the colonies derived from wild-type BM
cells obtained from lethally irradiated Cx32-KO recipient mice
followed by repopulation with wild-type BM cells were similarly
loaded (lanes B/ and B2). RT(+) and RT(-): with or without avian
reverse transcriptase, 2.5 U/20 pl, respectively (see Materials and
Methods)

10? 10°

10!
Fluorescence intensity (Cx32-FITC)

0
10°

fraction (b) for wild-type BM cells (open profile with bold line) and
same fractions for Cx32-KO BM cells (shaded profile), negative
control. The Cx32-positive fraction shown in a calculated for the
Lin~/c-kit" fraction in wild-type BM cells is 28.8%

original unfractionated BM cells. To determine which
fraction Cx32-positive cells belong to, BM cells from
wild-type mice and Cx32-KO mice with or without Lin™/
c-kit" HSC enrichment were stained with biotinylated
antibody cocktail labeled with StAv-PerCP, c-kit-PE and
Cx32-FITC. In wild-type BM cells, 28.8% of the Lin™/c-
kit* fraction was found to be Cx32-positive compared
with the same fraction of BM cells obtained from Cx32-
KO mice, which was used as the negative control
(Fig. 2a). Together with the frequency data for the Lin™/c-
kit HSC-enriched fraction, the fraction of Cx32-positive
cells was calculated to be nearly 0.27% of the original
unfractionated whole BM cells.

Whether the mature cell fraction, i.e., the Lin*/c-kit™
fraction, contains Cx32-positive cells, the fraction of the
wild-type BM cells is compared with that of the control
profile from the Cx32-KO mice. Because both fractions are
nearly identical (Fig. 2b), few cells may be positive for
Cx32 in the Lin*/c-kit™ fraction. The fraction of Cx32-
positive cells is 0.0093% of the original unfractionated
whole BM cells (data not shown).
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CFU-S-13 CFU-5-9 CFU-GM
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Fig. 3 The BrdUrd-labeled cells with an osmotic minipump purged
by UVA light (BUUV) assay for evaluating the cycling fractions of
the hematopoietic colonizing progenitor cells. Percent decreases in
number of colonies compared with nonexposed control are shown
along the ordinate axis (log.) vs. days for continuous labeling of

Function of Cx32 in Cell-Cycle Regulation in
Hematopoietic Progenitor/Stem Cells

A significant decrease in the number of hematopoietic
progenitor cells was observed in the Cx32-KO mice but
without any significant difference in the decrease in BM
cell number (Table 1), suggesting cell-cycle perturbation in
the hematopoietic progenitor cells or stem cell compart-
ment. Whether cell cycles are accelerated or decelerated in
either the hematopoietic progenitor cell fractions or the
hematopoietic stem cell compartment or both is not known.
To characterize hematopoietic progenitor-specific cell cy-
cle, the BUUV assay was conducted. To observe possible
changes in the cell cycle in the hematopoietic stem cell
compartment, the KSL fraction was assayed with Hoechst
33342 and possible changes in the ratio of Gy/G; were
evaluated. :

BUUYV assay Hematopoietic stem cell-specific kinetics
evaluation by continuous infusion of BrdUrd for cycling
cells including hematopoietic progenitor cells followed by
UVA exposure and hematopoietic progenitor colonization
assay was conducted.

Results are shown in Figure 3. For CFU-S-13 (primitive
hematopoietic progenitor cells), the incorporation of

Table 2 Doubling times of hematopoietic progenitor cells

BrdUrd with osmotic minipumps shown along the horizontal axis.
CFU-S-13 (primitive hematopoietic progenitor cells), CFU-S-9
(differentiated progenitor cells) and CFU-GM (progenitor cells
assayed by in vitro colonization) are shown. Each column represents
10 mice assayed for CFU-S-13 and six mice assayed for CFU-S-9

BrdUrd starts from a higher percentage with rapid increase
in Cx32-KO mice, suggesting suppression of the cell cycle
in these primitive hematopoietic progenitor cells with
Cx32-mediated cell-cycle regulation in the wild-type
steady state. This suppression may be attenuated in CFU-S-
9, a differentiated progenitor cell compartment. For CFU-
GM, the progenitor cells assayed by in vitro colonization
also showed an accelerated cell cycle in Cx32-KO mice.
The population doubling time calculated for each progen-
itor cell compartment is shown in Table 2. '
Flow-cytometric analysis of KSL fraction Following the
incorporation of the bioactive AT-rich DNA-binding dye
Hoechst 33342, the lineage-depleted BM cells were analyzed
by flow cytometry. The sizes of the Lin7/c-kit*/Scal* (KSL)
fraction obtained were 0.052% in the Cx32-KO BM cell
compartment and 0.035% in wild-type BM cells (Table 3,
Fig. 4a; p = 0.0458 < 0.05). The lineage-depleted BM cells -
were analyzed for their cell-cycle patterns by flow cytometry
(Fig. 4b,c), and then Gy/G, was calculated for the Lin/c-kit"
and KSL fractions for both the Cx32-KO and wild-type mice.
The percentage of Go/G, calculated for the Lin™/c-kit" and
KSL fractions were slightly lower in Cx32-KO mice (Table 4;
83.3% vs. 87.2% for Cx32-KO vs. wild-type for the Lin/c-
kit* fraction, 89.2% vs. 91.5% for Cx32-KO vs. wild-type for

Progenitor cell Genotype Slope (%killing/day)* y intercept (%)* Population doubling® (h) r
CFU-GM Wild-type 0.255 9.09 28.3 0.973
Cx32-KO 0.244 13.54 29.6 0.995
CFU-S9 Wild-type 0.440 7.62 16.4 0.986
Cx32-KO 0.179 7.82 40.3 0.999
CFU-S13 Wild-type 0.659 3.16 11.0 0.988
Cx32-KO 0.694 5.35 104 0.999

2 Regression line: y = b 10, where x is the duration after BrdUrd treatment (days), y is the percentage of killing, a is cell cycie velocity

(coefficient) and b is the cycling ratio/unit time (coefficient)
® Doubling time (h) = (log2/a) x 24
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Table 3 Incidence of hematopoietic stem cell fraction/femoral BM
cells

Hematopoietic stem Wild-type Cx32-KO p*
cell fraction

Lin"-c-kit" fraction (%) 0.316 £ 0.007 0.412 £ 0.022 0.0010
KSL fraction (%) 0.035 +0.008 0.052+0.011 0.0458

Each value is expressed as average (n = 3 for each genotype) +
standard deviation

* The difference between wild-type and Cx32-KO was calculated by
t-test

the KSL fraction; p = 0.0126 and p = 0.0556, respectively).
The results suggest that Cx32 may have a suppressive function
on such a hematopoietic stem cell compartment, KSL, under
the physiological condition of Cx32.

Discussion

The role of Cx32 in steady-state hematopoiesis was analyzed
in this study. This is the first observation of a Cx gene,
namely Cx32, that is expressed in hematopoietic stem/pro-
genitor cells. The functions of Cx32 in hematopoiesis were
also investigated. In Cx32-KO mice, the numbers of various
hematopoietic progenitor cells in the BM were lower than
those in wild-type mice, suggesting a beneficial role of Cx32
for maintaining hematopoiesis during the steady state. Be-
cause the cell-cycle analyses of the hematopoietic stem cells,
namely, the Lin /c-kit*/Scal* KSL, or the progenitor cells,
Lin/c-kit"™ fractions, suggested a slightly but significantly
higher incidence of a dormant stem cell fraction in wild-type
mice, the physiological role of Cx32 is probably to maintain
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cytometric analysis between “ : “
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Table 4 Gy/G, ratio of hematopoietic stem cell fraction

Cx32KO p*

Hematopoietic stem cell fraction Wild-type

87.2+0.76 833 %175 0.0126
91.5+ 253 89.2+ 1.82 0.0556

Lin/c-kit* fraction (%)
KSL fraction (%)

Each value is expressed as average (n = 3 for each genotype) =
standard deviation

* The difference between wild-type and Cx32-KO was calculated by
t-test

the quiescence of the primitive hematopoietic stem cell
compartment, thereby maintaining the stemness of the cells
in the fraction.

Various Cxs are expressed in the stromal cells of the fetal
liver (i.e.,,Cxs43,45,30.3,31 and 31.1) and the BM (i.e., Cxs
43, 45 and 31) (Cancelas et al., 2000). However, the contri-
bution of Cxs to hematopoiesis was determined only on the
basis of the effect of Cxs via stromal cell dependence; con-
sequently, no Cxs were previously found in hematopoietic
stem cells or progenitor cells (Krenacs & Rosendaal, 1998).
However, in our recent study, interestingly, Cx32-KO mice
exposed to benzene showed hematopoietic impairment more
than wild-type mice; furthermore, the site of this impairment
was not identified in either hematopoietic progenitor cells or
stromal cells (Yoon et al., 2004).

Thus, we first determined whether hematopoietic pro-
genitor cells express Cx32 molecules. As reported else-
where (Yoon et al., 2004; Nelles et al., 1996), no Cx32 was
detected in unfractionated BM cells by either RT-PCR or
cell sorter analysis with an immunofluorescence antibody
against Cx32 in this study (Figs. 1, 2). However, interest-
ingly, hematopoietic spleen colonies, derived from hema-
topoietic progenitor cells and consisting of relatively
immature hematopoietic cells, were found to express Cx32.
This observation was also consistent with the immunohis-
tochemical reaction of cells in the colonies with the anti-
Cx32 antibody, in which Cx32-positive cells were only
found along the border of each colony (data not shown).
Subsequent flow-cytometric analysis using the anti-Cx32
antibody after performing the combination of immunobead
density gradient separation and immunomagnetic bead
separation showed that the most Cx32-positive fraction
belonged to the HSC-enriched fraction, i.e., the Lin/c-kit*
fraction (28.8% of the fraction) (Fig. 2a). It was calculated
as only 0.27% with respect to the unseparated BM cells.
Because RT-PCR or Northern blotting possibly detects
>1% of expressing cells, these findings are in good
agreement with a previous report on the absence of Cx32
expression in unseparated BM tissue (Cancelas et al.,
2000). A hematopoietic disadvantage in progenitor cells
associated with Cx32 deficiency was further evident be-
cause all progenitor cells from the BM of Cx32-KO mice
showed ~20% decrease in the numbers of CFU-S-13, CFU-
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S-9 and CFU-GM. Thus, it can be concluded that Cx32 is
required for maintaining normal hematopoiesis, specifi-
cally during the maturation of hematopoietic stem cells to
progenitor cells.

BM transplantation in different combinations of the donor
and recipient, which were repopulated with BM cells from
either wild-type or Cx32-KO mice, showed a small number
of spleen colonies in the groups repopulated with Cx32-KO
BM cells (data not shown). Interestingly, the colonies de-
rived from the same Cx32-KO BM cells were significantly
smaller, regardless of the genotype of the recipients, i.e.,
wild-type or Cx32-KO mice, presumably owing to the lack
of Cx32 expression in the hematopoietic progenitor cells.

Whether Cx32 is also functional in differentiated mature
blood cells is, however, questionable despite the observa-
tion that the numbers of white blood cells and platelets in
the peripheral blood were significantly lower in Cx32-KO
than in wild-type mice (Table 1). It is interesting to cal-
culate the probability of Cx32-positive cells on the basis of
the ratio of the number of Cx32-positive BM cells to the
Lin*/c-kit™ fraction, i.e., only 0.0093% of the unfraction-
ated original BM cells (data not shown). Because our re-
peated analysis failed to detect Cx32 expression in mature
blood cells, the decreased numbers of white blood cells and
platelets in the Cx32-KO mice may reflect the shortage of
immature progenitor cell compartments, possibly due to the
lack of Cx32 at the level of the stem and progenitor cells.

Flow-cytometric cell cycle analyses of the Lin/c-kit™/
Scal®, KSL fraction with Hoechst 33342 and the BUUV
assay for colony-forming progenitor cells showed that the
cell cycle of the hemopoietic stem cell fractions, i.e., the
Lin~/c-kit*/Scal*, KSL or Lin/c-kit* fraction, seems to be
maintained in the quiescence state, thereby maintaining the
stemness of the cells, although consequent molecular reg-
ulations of these fractions are not yet known.
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Protective Role of Connexin 32 in Steady-
State Hematopoiesis, Regeneration State,
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The role of gap junctions formed by connexins (Cxs) has been
implicated in the homeostatic regulation of multicellular sys-
tems. Primitive hematopoietic progenitor cells form a muiti-
cellular system, but a previous report states that Cx32 is not
expressed in the bone marrow. Thus, a question arises as to
why Cx molecules are not detected in the hematopoietic tissue
other than in stromal cells. Based on our preliminary study,
which suggested a potential impairment of hematopoiesis in
Cx32-knockout (KO) mice, the objectives of the present study
were to determine whether Cx32 functions in the bone marrow
during steady-state hematopoiesis and to examine its possible
protective roles during regeneration after chemical abrasions
and during leukemogenesis after the administration of a
secondary genotoxic chemical, methyl nitrosourea (MNU). As
a result, the Cx32 molecule, functioning in the hematopoietic
stem cell (HSC) compartment during steady-state hematopoi-
esis, was observed for the first time; the expressions of Cx32 at
the mRNA level, as determined by polymerase chain reaction
analysis, and at the protein level, determined using an anti-Cx32
antibody, were observed only In the lin"c-kit* HSC fraction,
using a combination of immunobead-density gradient and
immunomagnetic bead separation. Hematopoiesis was impaired
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in the absence of Cx32, and it was delayed during regeneration
after chemical abrasion with 5-fluorouracil at 150 mg/kg body wt
in Cx32-KO mice. Cx32-KO mice showed increased leukemoge-
nicity compared with wild-type mice after MNU injection;
furthermore, in a competitive assay for leukemogenicity in mice
that had been lethally irradiated and repopulated with a mixed
population of bone marrow cells from Cx32-KO mice and wild-
type mice, the resulting leukemias originated predominantly
from Cx32-KO bone marrow cells. In summary, the role of Cx32
in hematopoiesis was not previously recognized, and Cx32 was
expressed only in HSCs and their progenitor celfls. The resulits
indicate that Cx32 in wild-type mice protects HSCs from
chemical abrasion and leukemogenic impacts. Exp Biol Med
232:700-712, 2007

Key words: connexin 32 (Cx32); hematopoietic stem cell; Cx32-
knockout mouse; tumor suppressor; experimental leukemogenesis

Introduction

Connexin (Cx) functions in the organization of cell-cell
communication via gap junctions in multicellular organ-
isms. Gap junctions have been implicated in the homeostatic
regulation of various cellular functions, including growth
control and differentiation (1), apoptosis (2), and the
synchronization of electrotonic and metabolic functions (3).

Radiation exposure and acute tissue injury induce the
disconnection of Cxs, resulting in tissue damage (4). On the
other hand, the disconnection of Cxs during acute-phase
cellular injury also seems to be a protective response that
results in active tissue proliferation and consequent
recovery. However, transgenic mice expressing a domi-
nant-negative mutant of Cx32 show a notably delayed
recovery after partial hepatectomy compared with wild-type
mice (5), which implies that the downmodulation of Cx32 is
not always advantageous for tissue recovery, despite the
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finding that a lack of gap junctional restriction seems to
enhance cell proliferation (6) (see also Ref. 7 for current
information).

Gap junctions are downmodulated during an acute
exposure to promoter chemicals, the carcinogenic relevance
of which is as yet not clearly understood (8). Temme et al.
found that not only spontaneous hepatic tumors but also
diethyl-nitrosamine—induced tumors are preferentially in-
duced in Cx32-knockout (KO) mice compared with wild-
type mice (9). Why does the downmodulation of Cxs
attenuate the protection from malignancy? The reason is that
the downmodulation of Cxs results in individual potentiafly
transformable initiated cells that are undergoing independ-
ent and infinite growth without interference from surround-
ing cells; thus, the downmodulation of Cxs in this case
seems unlikely to play a protective role (6). On the other
hand, the downmodulation of Cxs after exposure to a
possible carcinogenic chemical, cadmium, induces cells to
undergo apoptosis, which appears to be a protective role
(10), though not all cells undergo apoptosis, unfortunately.

The role of Cxs in hematopoietic organs is poorly
understoo_d, except in that the expression of Cx43 between
hematopoietic progenitor cells and bone marrow stromal
cells sustains hematopoiesis (11-14). As Cxs are essential
molecules for multicellular organisms, Cxs that organize
cell-cell communication within the hematopoietic progeni-
tor cell compartment are surmised to be present in the bone
marrow tissue. Recently, we have observed a functional
impairment of the bone marrow in Cx32-KO mice in our
benzene exposure experiment (15). Krenacs and Rosendaal

- previously reported that Cx32 is not expressed in the bone
marrow (16). If Cx32 is expressed, such Cx32-expressing
cells are likely to be rare; for instance, solely in
hematopoietic stem/progenitor cells. Hence, similarly to
the case of transforming growth factor-p expression, which
is observed only in an immature progenitor cell compart-
ment of the bone marrow (17, 18), it seems to be worth
studying the expression of Cx32 in the hematopoietic
system, particularly in hematopoietic stem/progenitor cells.
In this study, we determined whether Cx32 functions solely
in primitive hematopoietic cells in a steady-state bone
marrow to elucidate its potential protective role during
regeneration after bone marrow abrasion and during
leukemogenesis after the administration of a secondary
genotoxic chemical, methylnitrosourea (MNU).

Cx32-KO mice, first established in 1997 by Nelles et
al., can be used for the analysis of the function of Cx32
using a reverse biologic approach (19). In using these mice,
the contribution of Cx32, not only in steady-state hema-
topoiesis and regenerating hematopoiesis but also in the
prevention/suppression of leukemogenesis, was elucidated.

Materials and Methods

Experimental Animals. Cx32-KO mice (Cx32™" or
Cx327"¥) were genetically modified from the F1 embryonic
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cell line, 129/J, and the C57BL/6 strain by K. Willecke (19),
who kindly provided these Cx32-KO mice, which were
backcrossed with the C57BL/6 strain, and maintained as
heterozygous mice (Cx327") at the animal facility of the
National Institute of Health Sciences (NIHS), Japan. Because
the Cx32 gene is X chromosome linked, male mice carrying
the homozygous knockout genotype (Cx327Y) were gen-
erated by mating heterozygous females (Cx327") with wild-
type males (Cx327Y). The pups were genotyped by
polymerase chain reaction (PCR) screening of DNA obtained
from their tails.

Eight-week-old C57BL/6 female mice from Japan SLC
(Hamamatsu, Japan) were used as the recipients of bone
marrow transplantation. All experimental protocols involv-
ing laboratory mice in this study were reviewed by an
externally established peer review panel, the Committee of
the Ethics of the Research and Welfare of the Experimental
Animals of the NTHS, and thereby approved by the Animal
Care and Use Committee at the NIHS with the experimental
code 224-37009639415-2002. Approved experiments were
humanely performed in strict accordance with Guidelines
for the Care and Use of Laboratory Animals, NIHS, Japan.

Blood and Bone Marrow Separation. Peripheral
blood was collected from the orbital sinus. The numbers of
peripheral white blood cells, platelets, and red blood cells
were measured using a Coulter counter (Sysmex K-4500;
Sysmex Co., Kobe, Japan). Bone marrow cells were
harvested from the femur of each mouse (20) after animals
were sacrificed by cervical dislocation under deep anes-
thesia with ethy! ether. A 26-gauge needle was inserted into
the femoral bone cavity through the proximal and distal
ends of the bone shafts, and bone marrow cells were flushed
out under pressure by injecting 2 ml o-minimum essential
medium (MEM) with ribonucleosides and deoxyribonucleo-
sides (Invitrogen Corp., Carlsbad, CA). A single-cell
suspension was obtained by gently and repeatedly drawing
bone marrow cells through a 26-gauge needle and then a 27-
gauge needle.

Antibodies. For immunobead-density gradient sepa-
ration, the biotinylated antibody cocktail (BD Biosciences,
San Jose, CA) containing anti-mouse CD3e (145-2C11),
CD11b (M1/70), CD45R/B220 (RA3-6B2), Ly-6G and Ly-
6C/Gr-1 (RB6-8C5), and TER-119/erythroid cell (TER-
119) antibodies; and the monoclonal antibody cocktail
SpinSep (StemCell Technologies Inc., Vancouver, BC,
Canada) containing anti-CD5/Ly-1, CD45R, CD11b/Mac-
1, Ly-6G/Gr-1, TER119, and 7/4/neutrophil antibodies were
used as lineage (lin) markers. As a secondary antibody for
the former biotinylated antibody cocktail, streptavidin—
peridinin chlorophyll, a protein (PerCP; BD Biosciences)
was used. For the latter cocktail, SpinSep, an optimized
combination antibody cocktail against SpinSep that had
been coated on dense microparticles, SpinSep Mouse Dense
Particles (StemCell Technologies Inc.), was used for
immunoprecipitation.

For immunomagnetic bead separation, CD117/c-kit
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conjugated with phycoerythrin (PE; StemCell Technologies
Inc.) was used as a progenitor marker, and an anti-PE
tetrameric antibody complex (StemCell Technologies Inc.)
was used as secondary antibody.

For flow cytometric analyses, the same antibody
cocktails from BD Biosciences were used as lineage
markers. In addition, a mouse anti-Cx32 monoclonal
antibody from two sources (Chemicon International Inc.,
Temecula, CA, and Santa Cruz Technology Inc., Santa
Cruz, CA) was used as the primary antibody for Cx32. As a
secondary antibody, anti-mouse Ig conjugated with fluo-
rescein isothiocyanate (FITC; BD Biosciences) was used.

For immunohistochemical analysis, the same anti-Cx32
antibody (Chemicon International, Inc.) was used as the
primary antibody. As the secondary antibody, a biotinylated
horse anti-mouse IgG antibody (Vector Laboratories Inc.,
Burlingame, CA) was used, and streptavidin labeled with
peroxidase and 3,3’-diamino-benzidine (DAB) was used to
detect immunoreactivity (Vector Laboratories Inc.).

Enrichment of Bone Marrow Cells in lin"c-kit*
Fraction. The lin"c-kit" fraction is rich in hematopoietic
stem cells (HSCs). To obtain a large number of lin"c-kitt-
enriched fraction in the bone marrow cells, preseparation
was carried out by the combination of immunobead density
gradient and immunomagnetic bead separation. First, for the
depletion of lineage-positive bone marrow cells, harvested
bone marrow cells were processed through an immunobead
density gradient using a density-matched medium and dense
microparticles coated with a cocktail of an optimized
combination of antibodies, SpinSep. Second, for selection
of the c-kitt fraction, immunomagnetic bead separation
using magnetic nanoparticles with a magnetic holder was
carried out using the manufacturer’s instruction (StemCell
Technologies Inc.). For each procedure, the antibodies used
are described in the subsection Antibodies in Materials and
Methods.

Flow Cytometric Analysis Using Anti-Cx32
Antibody. Bone marrow cells with or without fractiona-
tion for lin"c-kit" HSC enrichment were stained with the
biotinylated antibody cocktail for streptavidin-PerCP, c-kit—
PE, the anti-Cx32 antibody, and anti-mouse IgG conjugated
with FITC. For exposure to the intracytoplasmic epitope of
the anti-Cx32 antibody, cells were fixed with paraformalde-
hyde and then permeabilized with phosphate-buffered saline
supplemented with HEPES and saponin (21). Flow
cytometric analysis was carried out using FACS Vantage
(BD Biosciences).

Irradiation. In the assay of hematopoietic progenitor
cells, as well as in the repopulation bioassay for leukemo-
genesis (22), recipient mice were exposed to a lethal
radiation dose of 915 cGy at a dose rate of 124 cGy/min
using a '*’Cs-gamma irradiator (Gammacell 40 Exactor;
MDS Nordin Inc., Ottawa, ON, Canada) with a 0.5-mm
aluminum-copper filter.

Assay for Colony-Forming Units in Spleen
(CFU-S). The Till and McCulloch method was used to

determine the number of hematopoietic spleen colonies
(CFU-Ss) (23) formed by hematopoietic progenitor cells.
Aliquots of a bone marrow cell suspension were used for
evaluating the number of CFU-Ss. Spleens were harvested 9
days after the bone marrow transplantation to determine the
number of CFU-S-9 and 13 days to determine the number of
CFU-S-13, and then were fixed in Bouin solution. Macro-
scopic spleen colonies were counted under an inverted
microscope at magnification X5.6. It was previously shown
using the C57BL/6 strain that all colonies visible on Day 9
and Day 13 originate from the transplanted bone marrow
cells under the condition that the recipient mice were
exposed to a lethal radiation dose of 915 cGy (24).

Assay for Granulocyte-Macrophage Colony-
Forming Units (CFU-GMs). CFU-GMs were assayed
in semisolid methylcellulose culture (20, 24). Briefly, 8 X
10* bone marrow cells suspended in 100 ul o-MEM were
added to 3.9 ml culture medium containing 1% methyl-
cellulose (Nakarai-Tesque Co. Ltd., Kyoto, Japan), 30%
fetal calf serum (HyClone Laboratories Inc., Logan, UT),
1% bovine serum albumin (Sigma, St. Louis, MO), 10™* M
mercaptoethanol (Sigma), and 10 ng/ml murine granulocyte
macrophage colony-stimulating factor (GM-CSF; R&D
Systems Inc., Minneapolis, MN). One-milliliter aliquots
containing 2 X 10 cells were placed in 35-mm tissue culture
wells (Nalgen Nunc International, Rochester, NY) in
triplicate, and were incubated for 6 days in a fully
humidified incubator at 37°C with 5% CO, in air. Colonies
were counted using an inverted microscope at magnification
X40 (Olympus Optical Co. Ltd., Tokyo, Japan).

PCR Analysis for Genotyping. To detect Cx32
wild-type and Cx32-KO alleles, PCR analysis was
performed using genomic DNA extracted from the tail of
each mouse or from the hematopoietic tissues, spleen and
bone marrow, or from tumor cells of the mice in the
carcinogenesis tests, and synthetic oligonucleotides were
used as primers (19). Hepatic tissues were assayed as the
positive control materials (19). To detect the wild-type
allele, the common 5’ primer (ccataagtcaggtgtaaaggagc) and
the 3’ primer (agataagctgcagggaccatagg) were used; to
detect the Cx32-KO allele, the common 5’ primer and neo-
primer (atcatgcgaaacgatcctcatce) were used.

Reverse Transcription (RT) and PCR Analysis
of Cx32 Expression. The expression of the gene
encoding Cx32 was analyzed by RT followed by PCR.
The total RNA from the bone marrow cells and other tissues
was isolated using a Qiagen RNAeasy kit (Qiagen,
Valencia, CA). Since hepatocytes are known to express
Cx32 (19), the liver was used not only as the hematopoietic
organ, but also as the positive control in the verification by
RT-PCR analysis. RT was performed using total RNA with
random hexamers as primers, according to the instructions
provided with the RT kit from Applied Biosystems (Foster
City, CA). PCR amplification was performed using the
following previously designed oligonucleotide primers
including B-actin primers, an amplification control for RT-
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PCR: Cx32-RTS5, 5'-atgcacgtagcctcaccaacageac-3'; Cx32-
RT3, 5'-actcgtagccagcgagaaaagtcg-3'; murine B-actin-5’,
5'-gtaccacgggcattgtgatg-3’; and murine f-actin-3', 5'-
cgttctatcgtgtcgaagag-3' (15).

Single-Dose Administration of MNU. Mice were
randomly assigned to groups and individually housed.
Immediately before use, MNU (Nakarai-Tesque Co. Ltd.)
was dissolved in citrate buffer (0.01 M sodium citrate and
0.14 M NaCl, pH 5.5) and injected ip into the mice (25, 26).

Leukemogenicity Bioassay. Leukemogenicity
was determined by a conventional whole-body bioassay
and a transplantation bioassay (22). In the conventional
whole-body assay, twelve 8-week-old Cx32-KO male mice
(Cx327") and ten wild-type littermates (Cx32™Y) were
injected ip with MNU at 50 mg/kg body wt. In the trans-
plantation bioassay, aliquots of single-cell suspension of the
bone marrow (1 X 10° cells) from 8-week-old Cx327"Y or
Cx32™Y male mice were injected into the tail vein of 8-
week-old, 915-cGy—irradiated, wild-type female recipient
mice. Only male mice were used as donors and only female
mice were used as recipients to utilize the Y chromosome—
specific sequence (a candidate testis-determining gene) for
differentiating donor-derived neoplasms from recipient-
derived neoplasms (27, 28). To study the effect of
competitive repopulation on leukemogenicity, a group of
mice was also injected with a mixture of cells, one half of
which were Cx32-KO bone marrow cells and the other half
wild-type bone marrow cells (mixture group). In this
procedure, the numbers of CFU-S-9 transferred into each
recipient mouse were 3.2 (wild type), 3.1 (mixture group),
and 2.6 (Cx32-KO) X 102, In this transplantation bioassay,
bone marrow cells from Cx32-KO or wild-type mice were
equally effective in protecting against the lethal dose of
radiation, and bone marrow cellularity nearly reached that
of the steady state after 4 weeks (data not shown). Four
weeks after transplantation, 36 and 45 recipient mice were
injected ip with MNU at 50 and 75 mg/kg body wt,
respectively. The mice were supplied with water ad [libitum.
The mice in both the conventional leukemogenicity whole-
body bioassay and in the transplantation bioassay were
monitored throughout their lifetime at least twice daily.
Those showing symptoms of advanced leukemia, such as
anemia and palpable splenomegaly, were euthanized at the
agonal period and then examined hematopathologically.
Additionally, mice that died were subjected to gross and
microscopic examinations (26).

Histopathological Examination. For the evalua-
tion of hematopoietic malignancies caused by the injection
of MNU in wild-type and Cx32-KO mice, mice from each
group were sacrificed under ethyl ether anesthesia for
necropsy. For the histopathological examination, all the
visceral organs, including the thymus, spleen, sternum, and
femoral bone marrow, were fixed in 4% neutral-buffered
formalin for 24 hrs. The stemum and femoral bone marrow
were decalcified in 7.5% formic acid for 72 hrs. After
routine processing, paraffin-embedded sections were stained
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with hematoxylin and eosin and then examined histopatho-
logically using a light microscope (22).

Immunohistochemical Staining. To confirm the
cellular location of Cx32-positive progenitor cells, spleen
colonies were examined by immunohistochemical staining
with the anti-Cx32 antibody. Spleen sections containing
colonies were fixed with 4% paraformaldehyde solution and
embedded in paraffin for thin sectioning. The thin sections
were then immunohistochemically stained with the anti-
Cx32 antibody, a biotinylated secondary antibody, a horse
anti-mouse IgG antibody, and streptavidin labeled with
peroxidase to form the ABC complex with 3,3'-DAB.

Statistical Analyses. The data obtained were stored
in a computer and processed for statistical analyses using
the Kaplan-Meier method for survival curves and the log-
rank test for their statistical significance. The Student ¢-test
was used to evaluate the significance of differences in blood
cell count, bone marrow cellularity, and the numbers of
progenitor cells, CFU-GMs, CFU-S-9s, and CFU-S-13s
between the wild-type group and the KO group. The
incidence of hematopoietic neoplasms was evaluated by
Fischer exact test. Differences with a P value <0.05 were
considered significant.

Results

Expression of Cx32 in Hematopoietic Progen-
itor Cells and Its Function in Steady-State Hema-
topoiesis. Expression of Cx32 in Hematopoietic
Cells. Figure 1A shows the expression of Cx32 in various
lympho-hematopoietic tissues of wild-type mice. As
previously reported (19), Cx32 was detected at the mRNA
level only in the hepatic tissue by RT-PCR analysis, but was
not detected in the spleen, bone marrow, and thymus.

Expression of Cx32 in Hematopoietic Spleen
Colonies Developed from Progenitor Cells. We next
studied Cx32 expression in colonies developed in the spleen
of lethally irradiated wild-type recipient mice following
injection of bone marrow cells from wild-type mice or
Cx32-KO donor mice. Hematopoietic spleen colonies are
rich in immature cells rather than in cells from peripheral
blood or unfractionated bone marrow (24). As shown in
Figure 1B, the expression of Cx32 detected by RT-PCR
analysis was observed only in the hematopoietic spleen
colonies but derived from wild-type bone marrow cells (al
through a3), not in the colonies derived from Cx32-KO
bone marrow cells (c1 and c2). Cx32 expression also was
detected in the spleen colonies in Cx32-KO recipient mice
repopulated with wild-type bone marrow cells (bl and b2).

Immunohistochemical staining with the anti-Cx32
antibody was carried out to examine the hematopoietic
spleen colonies originating from bone marrow cells from
wild-type mice and Cx32-KO mice (Fig. 2). A colony
originating from a wild-type bone marrow cell (Fig. 2Aa)
shows mild and mottled staining in beige, whereas a colony
originating from Cx32-KO bone marrow cells are negative
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Figure 1. Expression of Cx32 in the lympho-hematopoietic tissues and hematopoietic spleen colonies. (A) Expression of Cx32 in lympho-
hematopoietic tissues. Total RNAs were extracted for RT-PCR from the liver (Liv), spleen (Spl), bone marrow (BM), and thymus (Thy) of wild-
type mice. Note that Cx32 expression was not detected in the spleen, bone marrow, or thymus, but was detected in the liver, a positive control
(see Materials and Methods). PCR: for “Neg” lane and “Posi” lane, no template and whole genome extracted from the tail were loaded,
respectively. RT(+) and RT(-): With or without Avian reverse transcriptase, 2.5 U/20 pl, respectively (see Materials and Methods). (B)
Expression of Cx32 in hematopoietic spleen colonies (see Materials and Methods). Lethally irradiated wild-type mice were injected with bone
marrow cells from wild-type or Cx32-KO donor mice. After 9 days, total RNAs extracted from individual hematopoietic spleen colonies derived
from wild-type bone marrow cells or those from Cx32-KO bone marrow cells were reverse transcribed followed by PCR and then loaded (a1-a3,
c1and c2). Total RNAs extracted from colonies derived from wild-type bone marrow celis removed from the lethally irradiated Cx32-KO recipient
mice followed by repopulation with wild-type bone marrow cells were similarly loaded (b1 and b2).

in staining (Fig. 2Ba and b). Interestingly, in a colony
observed at a higher magnification (Fig. 2Ab), cells from
wild-type mice positively stained by the anti-Cx32 antibody
were only scattered in the outer boundary of spleen colonies
(circled by dotted line in Fig. 2Aa and arrows in Fig. 2Ab),
indicating that the incidence of primitive progenitor cells
was still low in the spleen colonies.

Expressiofi of Cx32 in Hematopoietic Stem Cell
Compartment. We ‘then next determined whether Cx32-
positive cells are consistently found in the HSC compart-
ment. First, the “lin"c-kit" HSC-enriched fraction was
obtained by the combination of immunobead-density
gradient separation for depleting lineage-positive cells and
immunomagnetic bead separation for selecting c-kit" cells,
followed by flow cytometric analysis using the anti-Cx32
antibody. As a result, the separated lin"c-kit" HSC fraction
was 0.25% with respect to the original unfractionated wild-
type bone marrow cells. Figure 3 shows the flow cytometric
distribution of the lin"c-kit" HSC-enriched fraction (Fig.
3B) compared with original unfractionated cells (Fig. 3A)
from both wild-type bone marrow cells (the horizontal axis
for lineage markers and the vertical axis for c-kit). In Figure
3B, the percentage of linc-kitt compartment (HSC
compartment) indicated by an asterisk is 90.2% of the

lin"c-kit" HSC-enriched preseparated fraction. Furthermore,
the number for lin"c-kit" compartment (asterisk in Fig. 3B)
is 106.9 times enriched compared to the fraction of the
original unfractionated bone marrow cells, as shown in the
enclosed corresponding square (Fig. 3A). To determine
which fraction Cx32-positive cells belong to, bone marrow
cells from wild-type mice and Cx32-KO mice were stained
with lineage-PerCP, c-kit-PE, and Cx32-FITC with or
without the lin"c-kit" HSC enrichment. In Figure 3C, 28.8%
of the linc-kit" fraction of wild-type bone marrow cells was
found to be Cx32 positive (unshaded profile) compared with
the same fraction of bone marrow cells obtained from Cx32-
KO mice (shaded profile), which was used as the negative
control. Together with frequency data of the linc-kit" HSC-
enriched fraction, Cx32-positive cells are calculated nearly
0.27% with respect to the original unfractionated whole
bone marrow cells.

Whether the mature cell fraction, a lin"c-kit™ fraction,
contains Cx32-positive cells, the fraction of wild-type bone
marrow cells (unshaded profile) is compared to that of the
control profile from Cx32-KO mice (shaded profile), as

"shown in Figure 3D. Since both fractions are nearly

identical, few cells may be positive for Cx32 in the lin*c-
kit~ fraction (0.27% of the lin*c-kit™ fraction; Fig. 3D).
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Figure 2. Cells in spleen colonies immunohistochemically stained with anti-Cx32 antibody. (A) Spleen colonies derived from wild-type bone
marrow cells (a and b). (B) Cx32-KO bone marrow celis (i.e., control for negative staining; subpanels a and b). As shown in Aa and Ba, cells from
spleen colonies were found positively stained with a mottled pattern in the former figure and negatively stained in the latter figure. The positively
stained cells are located only in the outer boundary of the colony. Dotted line in Aa indicates border of the colony. Ab and Bb show a higher
magnification of spleen colonies derived from wild-type mice and Cx32-KO mice, respectively. As shown in Ab, a colony was a mottled pattern
with positively stained cells (arrows) in beige. Bb shows the negative control. Spleens were stained with the anti-Cx32 antibody and with the
biotinylated secondary antibody, horse anti-mouse IgG antibody, and streptavidin labeled with peroxidase. Bars indicate 200 um in Aa and Ba,

and 25 pm in Ab and Bb.

Cx32-positive cells are 0.0093% with respect to the original
unfractionated whole—-bone marrow cells (data not shown).

Function of Cx32 in the Steady-State Hematopoie-
sis. The steady-state hematopoiesis of wild-type mice was
compared to that of Cx32-KO mice. Figure 4A shows the
comparison of the absolute body weight, splenic weight,
and cellularity of the bone marrow. There were essentially
no differences in any of these parameters between wild-type
mice and Cx32-KO mice. However, the number of white
blood cells and that of platelets were significantly different
between wild-type mice and Cx32-KO mice, as shown in
Figure 4B. Regarding the decrease in the number of white
blood cells, there was no trend toward decrease between
numbers of lymphocytes and neutrophils. Moreover, there
was no difference in the number of red blood cells.
Regarding the number of CFU-GMs, there was a signifi-
cantly lower number of progenitor cells per unit number of
bone marrow cells in Cx32-KO mice than in wild-type
mice. Hematopoietic progenitor cells that form CFU-S-9s

are considered to be more mature than those that form CFU-

S-13s (29, 30). As shown in Figure 4C, in terms of the
maturation stages from CFU-S-13 and CFU-S-9 to CFU-

GM, the number of all of the hematopoietic progenitor cell
compartments of Cx32-KO mice was lower than that of the
wild-type mice. Therefore, the present study clearly showed
that Cx32 deficiency induced an impaired hematopoiesis
specifically in the immature progenitor cell fraction, and
changes in differentiated cells may be a reflection of those in
immature cells. Thus, Cx32 is assumed to be required for
the maintenance of immature hematopoietic progenitor
cells.

Function of Cx32 During Growth of Hematopoietic
Progenitor Cells. Although the stromal cell-dependent
connexin Cx43 is known to function in cultured stromal
cells (12, 13), few cells were positive in anti-Cx32 antibody
in the bone marrow. Thus, one question is to answer is
whether the hematopoietic defect observed in Cx32-KO
mice exists solely in hematopoietic progenitor cells, or also
in stromal cells. Accordingly, to examine whether Cx32
deficiency has a negative effect on hematopoiesis in stromal
cells of Cx32-KO mice, lethally irradiated wild-type mice
and Cx32-KO mice were repopulated with bone marrow
cells from wild-type mice or Cx32-KO mice. Results from
four different combinations are shown in Figure 5.

-338-
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Figure 3. Flow cytometric analyses for lin“c-kit" HSC-enriched fraction and lin"c-kit* Cx32-positive cells from wild-type mice. Flow cytometry
after bone marrow cell separation carried out by a combination of the immunobead-density gradient separation and the immunomagnetic bead
separation. (A) Unseparated bone marrow celis. (B) Bone marrow cells fractionated by combination of the immunobead-density gradient
separation for eliminating lineage marker positive cells and the immunomagnetic bead separation for c-kit" cells. The vertical axis in both figures
indicates fluorescence intensity for the PE-labeled anti—c-kit antibody, and the horizontal axis indicates fluorescence intensity for Per-CP—
labeled streptavidin for biotinylated lineage antibodies. The vertical and horizontal lines in panel B indicate the negative and positive borders of
fluorescence intensity. The asterisk in panel B indicates the targeted lin“c-kit" compartment and HSC compartment. Note that the corresponding
area of the asterisk in panel B is indicated by the square box in panel A. (C and D) Histogram of the FITC-labeled anti-Cx32 antibody. The lin"c-
kit™ fraction (C) and the lin*c-kit™ fraction (D) for wild-type bone marrow cells (open profile with bold line) and the same fraction for Cx32-KO bone
marrow cells (shaded profile), a negative control. Cx32-positive fraction in panel C calculated for the lin"c-kit* fraction in wild-type bone marrow
cells is 28.8%.

Regardless of the expression of Cx32 in stromal cells in In Figure 5B, the size of spleen colonies in each group
either Cx32-KO recipient mice or wild-type recipient mice, is shown. Significantly smaller colonies were observed in
there were no statistically significant differences in the  the three groups in which recipient mice, donor bone
number of spleen colonies (CFU-S-9s) between the pair of marrow cells, or both were from Cx32-KO mice rather than
groups that received either wild-type bone marrow cells in the group in which both recipient mice and donor bone
(Fig. 5A, two left columns) or Cx32-KO bone marrow cells marrow cells were from wild-type mice (Fig. 5B, open
(Fig. 5A, two right columns). Thus, Cx32 deficiency in column). Because there was no significant difference in size
progenitor cells is concluded as a major factor that is between groups repopulated with Cx32-KO bone marrow
responsible for the production of a significantly small  cells, the major factor for producing small colonies (Fig. 5B,
number of colonies. As observed in Figure 4C, it is  two right columns) also is assumed to be responsible for
confirmed that the number of colonies is larger when donor ~ Cx32 deficiency in donor progenitor cells, rather than any
bone marrow cells are from wild-type mice than when they factor from stromal cells. Concerning the group that
are from Cx32-KO mice. received wild-type bone marrow cells (Fig. 5B, the second



