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Human CD34 (hCD34)-positive cells are used currently as a source for
hematopoietic transplantation in humans. However, in steady-state
murine hematopoiesis, hematopoietic stem cells (HSCs) with long-
term reconstitution activity are found almost exclusively in the mu-
rine CD34 (mCD34)-negative to low fraction. To evaluate the possible
differences in hCD34 and mCD34 gene expression in hematopoiesis,
we made transgenic mouse strains with human genomic P1 artificial
chromosome clones spanning the entire hCD34 genomic locus. In all
transgenic mouse strains, a vast majority of phenotypic and func-
tional HSC populations including mCD34-/'° express the hCD34 trans-
gene. These data strongly support the notion that hCD34+ human
bone marrow cells contain long-term HSCs that can maintain hema-
topoiesis throughout life.

ematopoietic stem cells (HSCs) give rise to all blood cells.

CD34 is a sialomucin-like adhesion molecule that is expressed
on a few percent of primitive bone marrow cells. In human bone
marrow, virtually all colony-forming unit activity resides in the
population expressing human CD34 (hCD34). In primates, CD34*
but not CD34~ cells repopulate lethally irradiated baboons (1).
Retrovirally labeled CD34" cells are able to reconstitute multilin-
eage hematopoiesis after transplantation in patients with myeloma
or breast cancer (2). It has been reported also that hCD34* Thy-1*
cells are highly enriched for human HSCs and possess multilineage
reconstitution activity in SCID-hu (severe combined immunodefi-
cient-human) mice (3). Therefore, hCD34* cells as well as
hCD34*Thy-1" cells are used currently to reconstitute hematopoi-
esis in patients receiving myeloablative conditioning in autologous
and allogeneic transplantation settings (4-6).

In murine hematopoiesis, HSCs are found almost exclusively in
the Thyl.1Lineage(Lin)~/!°Sca-1" population (7). Within the
Thyl.1°Lin~/"Sca-1* cells, HSC activity is enriched in a popula-
tion expressing receptors for the steel factor c-Kit (8, 9). Osawa et
al. (10) reported that within the Lin~/!°Sca-1*¢-Kit* population,
mouse long-term HSCs are highly enriched in the murine CD34
(mCD34)~/'° fraction. The fact that mouse long-term HSCs in
steady-state bone marrow do not express significant levels of
mCD34 raised an important question of whether hCD34* cells
contain self-renewing long-term human HSCs. Furthermore, re-
cent studies show that Thy1.1°Lin~/!°Sca-1* HSC populations and
Lin mCD34" hematopoietic cells in murine bone marrow might
contain cells capable of differentiation into hepatocytes (11) and
other organs (12). Thus, it is important to evaluate whether the
expression of hCD34 mimics that of mCD34 in the hematopoietic
system.

These data led us to evaluate differences in the regulation of the
hCD34 and mCD34 genes. Normal transcriptional regulation of
human genes has been reproduced in transgenic mice that carry
large artificial chromosomes obtained from yeast, bacteria, or P1
clones (13, 14). Because combinatorial action of multiple, proximal
and long-range, cis elements is necessary for proper regulation of
hCD34 expression (15), we have established several mouse lines
harboring human genomic P1 artificial chromosome (PAC) clones
containing the entire hCD34 gene including all exons, introns, and
more than 18 kb of flanking 5" and 3’ genomic sequences. In the
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present experiments, we performed detailed phenotypic and func-
tional analyses of long-term HSCs in the hCD34 transgenic mice
and found that the hCD34 transgene is expressed in long-term
mCD34~/° HSCs. These data support the clinical use of hCD34*
cells as a source for hematopoietic transplantation in humans.

Methods

Mice. hCD34 transgenic mice were made by transducing hCD34
PAC clones. PACSSL2, PAC7H11, and PAC54A19 were isolated
from a PAC human genomic DNA library with an hCD34 probe as
described (15). To remove vector sequences, PACSS8L2 was di-
gested with Sfil, and PAC7H11 and PACS54A19 were digested with
Milul. To obtain a construct containing 48 and 31 kb of 5'-hCD34
sequence, PACS8L2 was digested with AscI plus Pvul and Mlul plus
Pvul, respectively. Digested DNA was separated with field inversion
gel electrophoresis (FIGE, Bio-Rad) for 17 h. After cutting out gels
containing genomic DNAs, gels were digested with B-agarase (New
England Biolabs). DNAs were purified and then suspended in 1
mM TrissHCI (pH 7.6)/0.1 mM EDTA. DNAs were injected into
fertilized oocytes of C57B6 or FVB/N mice and implanted into
uteri of pseudopregnant C57B6 or FVB/N mice according to
standard procedures. All experiments were performed by using
procedures described in the protocol approved by our Institutional
Animal Care and Use Committee.

Flow Cytometric Analysis and Cell Sorting. Fetal liver and bone
marrow cells of hCD34 C57B6 transgenic mice were stained with
CD3 (KT31.1), CD4 (GK1.5), CD8 (53-6.7), B220 (6B2), Gr-1
(8C5), TER119, CD19 (1D3), IgM (R6-60.2), and IL-7Ra chain
(A7R34, Bioscience, San Diego). Lin™ cells were removed partially
with sheep anti-rat IgG-conjugated magnetic beads (Dynabeads
M-450, Dynal, Oslo), and the remaining cells were stained with
anti-Rat-Cy5-phycoerythrin (Tricolor, Caltag, Burlingame, CA).
These lineage-depleted cells were stained with FITC-conjugated
mCD34 (RAM34) (PharMingen), phycoerythrin-conjugated
hCD34 (HPCA-2, Beckton Dickinson), biotinylated anti-Sca-1
(E13-161-7) and allophycocyanin (APC)-conjugated anti-c-Kit
(2B8) monoclonal antibodies. Sca-1 was visualized by avidin-APC-
Cy7 (Caltag). To analyze side population (SP) cells, cells were
incubated with Hoechst 33342 (Sigma) before antibody stainings as
reported (16). After staining, cells were resuspended with Hanks’
balanced salt solution containing 10 mg/1 of propidium iodide.
Sorting methods for HSCs, common lymphoid progenitors (CLPs),
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common myeloid progenitors (CMPs), granulocyte/monocyte pro-
genitors (GMPs), megakaryocyte/erythroid progenitors (MEPs),
and other lymphoid progenitors have been described elsewhere (17,
18). CLP, proB, and preB cells were purified as IL-7Ra*Lin~Sca-
1loc-Kit*, B220" I[gM-CD43*, and B220"1gM-CD43~ bone mar-
row populations, respectively, and thymic precursor, proT, and preT
cells were as CD4'°CD8°CD25¢c-Kit ", CD4°CD8/°CD25 *¢-Kit ,
and CD4'°CD8°CD25*¢-Kit!® thymocyte populations, respectively.
All progenitor populations were sorted or analyzed by using a
double laser (488 nm/350 nm Enterprise II + 647 nm Spectrum)
high-speed cell sorter (Moflo-MLS, Cytomation, Fort Collins, CO).

Transplantation Assays. HSC subpopulations purified from hCD34
transgenic mice (C57B6-Ly5.2) were injected into the retroorbital
sinuses of lethally irradiated (920 rad delivered in a split dose)
C57B6-Ly5.1 mice with 2 X 10° host-type bone marrow cells.
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B A S PR R P mCD34 expression in both hCD34
(PAC88L2) and hCD34 (PAC54A19)

transgenic mouse lines.

Donor-derived cells were evaluated as Ly5.2*Ly5.1~ cells after
transplantation by using five-color flow cytometric analysis.

Genotyping of hCD34 Transgenic Mice. Tail DNA was digested with
EcoRI (New England Biolabs) and hybridized to a 1.5-kb Sacl-
digested fragment including hCD34 exon 1 and the 5" end of intron
1. Several sets of PCR primers were used to confirm the transgene
structures including one set at the 3’ end of the hCD34 coding
sequence (5'-AGAAGAGATGAGGTGTGAGGAT-3' and 5'-
GGATCCACAAGAATGAGCATGTA-3"). To amplify a 500-bp
genomic DNA fragment located at —55 kb, the primers used were
5"-ATCCCCTCTGCCTCTTTTTGGTG-3' and 5'-AGCCGCT-
GCTACTGACTTATTGA-3'. To amplify a 500-bp genomic DNA
fragment located at —38 kb, the primers used were 5'-
ATGGGTGTAGGACCTGAAGTGGT-3" and 5'-TGGATTG-
CATAGTTTTTGTTTCC-3'. To amplify a 500-bp genomic DNA
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young 4-week to older 10- and 16-week-old mice.
Nonetheless, more than 98% of Lin~Sca-1*c-Kit*

fragment located at —10 kb, the primers used were 5'-
GTGCTTTCATGGAGAGGGTTTTA-3" and 5'-TAAGACCT-
CAAGGGGTTGGACTC-3".

Results

The hCD34 Transgene Is Expressed in a Majority of Long-Term HSCs
Phenotypically Defined by Different Criteria. We reported that an
hCD34 minigene including 4.5 kb of 5+ and 3 kb of 3’-flanking
sequence failed to express in murine multipotential lines or trans-
genic mice (15). In contrast, a 141-kb genomic fragment encom-
passing 90 kb of 5'- and 26 kb of 3'-flanking hCD34 sequences
contained regulatory elements for CD34 mRNA expression in
murine stable lines and transgenic mice. We found that regulatory
elements located between —18 and —10 kb 5’ and/or between +17
and +26 kb 3" downstream of hCD34 are required for transgenic
expression (unpublished data). We have tested a number of PAC
clones containing large genomic sequences containing hCD34
sequences in transgenic mouse lines to evaluate their potential for
CD34 expression. All the mouse lines harboring the hCD34 trans-
genic constructs listed in Fig. 1a successfully expressed hCD34. In
all transgenic mouse strains, hCD34* cells were found in ~3% of
bone marrow cells and were enriched in the lineage antigen
(Lin)~/' fraction. Within the Lin=/"° cells, a majority of hCD34*
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cells were positive for hCD34 irrespective of age.

cells were found in the murine c-Kit* fraction that contains ~99%
of total colony-forming unit activity in vitro (ref. 17; Fig. 1b).
Therefore, the hCD34 transgene is expressed almost exclusively in
immature hematopoietic cell populations in hCD34 transgenic
mice.

We tested the expression of the hCD34 transgene in HSC
compartments. Fig. 1c shows the phenotype of HSC compartments
by five-color fluorescence-activated cell sorter analysis in 10-week-
old hCD34 (PAC54A19 and PACS8L2) transgenic mice. As re-
ported previously (10), the Lin~/!Sca-1*c-Kit* HSC population
was composed of mCD34* and mCD34~/%° cells, and more than
95% of mCD34" and mCD34~/'° HSCs express hCD34. Expression
of hCD34 in the Lin~/!Sca-1*c-Kit* HSC population was ob-
served in all transgenic mouse lines depicted in Fig. 1la (data not
shown).

It has been reported that long-term HSCs express a low level of
Thyl.1 (7, 19). We crossed hCD34 (PAC54A19) C57B6 (Thy-1.2)
mice with C57B6-Thyl.1 mice to evaluate long-term
Thyl.1°Lin~Mac-1"Sca-1* HSCs described by Morrison and
Weissman (19). The Thy1.1'°Lin~(Mac-1")Sca-1"c-Kit™ HSC pop-
ulation that contains long-term HSCs all were positive for hCD34
(Fig. 2a). We also purified cells that are capable of exporting the
intracellular dye Hoechst 33342, called the SP, which reportedly

Okuno et al.
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Fig. 3. Long-term reconstituting potential of mCD34~/°hCD34+ HSCs. (a) Gates for sorting and results of reanalysis of purified mCD34-/°hCD34+ and
mCD34ThCD34" cells within Lin~Sca-1"c-Kit"™ HSCs. (b) Sequential changes in percentages of donor-derived blood cells after transplantation. Thirty-five
mCD34~/°hCD34" (1) or mCD34+hCD34* (I) phenotypic HSCs purified from hCD34 (PAC54A19) C57B6-Ly5.2 transgenic mice were transplanted into lethally irradiated
C56B6-Ly5.1 mice. Long-term reconstitution of all hematopoietic lineages was observed exclusively in mice transplanted with mCD34-/'°hCD34* HSCs. Summarized
data are shown in Table 1.

contains the long-term HSC (ref. 16; Fig. 2b). The purified SP cells

(PAC54A19) transgenic mice with a competitive reconstitution
were Lin~Sca-17c-Kitt and contained both mCD34~/"° and

assay (7). In these mice, the frequencies of mCD34~/° cells in the

mCD347 cells. The mCD34~/!° fraction was enriched up to 33% in
the SP fraction. hCD34 was expressed in >97% of the SP cells
irrespective of mCD34 expression. These data suggest that the
hCD34 transgene is expressed in long-term murine HSC popula-
tions defined by three independent groups (10, 16, 19).

The hCD34 Transgene Is Expressed in a Majority of Functional Long-
Term HSCs. We then directly tested the reconstitution potential of
purified mCD34~/°hCD34+ and mCD34*hCD34" Lin~Sca-1*c-
Kit* HSCs from 4-, 10-, and 16-week-old C57B6 hCD34-Ly5.2

Lin~/"Sca-1*c-Kit* HSC population appears to increase with
aging from the fetal liver stage to 16 weeks. However, hCD34 is
expressed in a vast majority of Lin~/"Sca-1*¢c-Kit™ cells irrespec-
tive of their ages (Fig. 2¢). Fig. 3a shows sorting gates and results of
reanalysis of purified mCD34~/°hCD34+ or mCD34"hCD34*
HSCs. In the reconstitution experiment, 35 cells from either
mCD34-/°hCD34" or mCD34+*hCD34" phenotypic HSCs of
4-week-old Ly5.2 mice and 2 X 105 C57B6-Ly5.1 unfractionated
bone marrow cells were coinjected into lethally irradiated C57B6
Ly5.1 mice. In both groups, a majority of cases exhibited engraft-

Table 1. In vivo reconstitution after mCD34-hCD34+ and mCD34+hCD34+ HSC transplantation

Number of mice with successful engraftment

3 Weeks 8 Weeks 12 Weeks
posttransplant posttransplant posttransplant
Age, weeks Injected cells  Cell no. No. of mice M B T Total M B T Total M B T Total
4 mCD34-hCD34+ 35 10 1(7) 0(2) 00 1() 8(9) 909 909 90 10(10) 9(10) 10(10) 10 (10)
mCD34*hCD34+ 35 10 0(2) 2 (5) 0(0) 0¢(6) 0(0) O0(1) 0() o0(1 0 (0) 0 (1) 0 (0) 0 (1)
10 mCD34-hCD34+ 50 10 9(10) 1(10) 0(0) 9(10) 8(9) 9(9 9(9 9(9 9(9) 99 9(9) 9(9)
mCD34*hCD34+ 100 10 1(10)  4(9) 0(0) 4100 22 1@ 23 400 0 (0) 1(7) 1(3) 1(7)
16 mCD34-hCD34+ 50 10 8(9) 6() 0(0) 8() 8 8(8) 8(8) 8(@9 8(8) 8(8) 8(8) 8(8)
mCD34*hCD34+ 50 10 0 (1) 0 (6) 0 (1) 1(6) 1(1) 1 0Q) 1(3) 1(1) 0(3) 0 (0) 1)

C57B6 (Ly5.1) mice were lethally irradiated and transplanted with mCD34* and mCD34~ HSCs purified from 4-, 10-, and 16-week-old hCD34 transgenic C57B6
(Ly5.2) mice. Percentages of donor-derived (Ly5.2+) cells within each lineage were evaluated 3, 8, and 12 weeks after transplantation. Numbers of mice that
exhibited more than 5 and 1% (shown in parentheses) of donor-derived cells are shown. M, granulocytes plus monocytes; B, B cells; T, T cells.

Okuno et al. PNAS | April 30,2002 | vol.99 | no.9 | 6249

MEDICAL SCIENCES



Lin® Sca-1- c-Kit* CMP MEP GMP
10000 E 10000 [ 10000 10000
i 99% g
1000 1 % o g 0 c?-j o 76 fo
=" O ] [m]
= | (&) &) O
o my c c m c
I : B :
] S i | = =y
T T e
MEP | _
Mouse CD34 Mouse CD34 Mouse CD34 Mouse CD34
b CLP TP ProT PreT ProB PreB
327 s 6 94 34 9656 935 05 629 371 %99 04
P i | : I ;!"". g
o | (| dl , f l
= \ | It |
E | [ | |
£ | | l 'l, l
Mouse CD34
sl e 94 [65 045 366 644 95 05 831 169 %5 35
= 1 4 M
© ;".', : ) | '.I Pt
= [ | | Il I._,". :' \
E .'.: | 1 | i I| i |
) ' | N
o . 1 i \
Human CD34

Fig. 4.

Down-regulation of the hCD34 transgene in myeloid and lymphoid differentiation pathways. (a) Mouse myeloid progenitors including Lin~Sca-1"c-

Kit*CD34*FcgRIl/II® CMPs, Lin~Sca-1~c-Kit*CD34*FcgRII/IlI"t GMPs, and Lin~Sca-1~c-Kit*CD34~FcgRIl/Ill'® MEPs (17) purified from hCD34 (PAC88L2) C57B6 transgenic
mice were reanalyzed to test expression of the hCD34 transgene. A vast majority of CMPs expressed hCD34. In contrast, ~30% of mCD34~ MEPs still maintain hCD34,
whereas ~20% of mCD34" GMPs down-regulated hCD34. (b) Purified CLPs and the earliest thymic precursor (TP) were positive for both mCD34 and hCD34. In preT
and preB stages, both mCD34 and hCD34 were down-regulated completely. The percentages of hCD34~ cells were higher than those of mCD34~ cells in both proT and
proB stages, suggesting that the down-regulation of the hCD34 transgene occurs slightly earlier than that of mCD34.

ment of Ly5.2* donor-derived Mac-1* granulocytes and monocytes
and B220* B cells 3 weeks posttransplant. The percentages of
progeny from mCD34~/°hCD34+ HSCs continuously increased
after transplantation and exhibited multilineage reconstitution in-
cluding CD3* T cells, B220" B cells, Gr-1"Mac-1" granulocytes,
and Gr-1"°Mac-1" monocytes. In contrast, progeny of
mCD34"hCD34* HSCs declined and disappeared by 12 weeks
after transplantation in a majority of cases (Fig. 3). Table 1
summarizes the successful engraftment after competitive reconsti-
tution. The long-term HSC potential was found almost exclusively
in mCD34~/°hCD34" HSCs purified from 10- and 16-week-old
mice as well. These data indicate that long-term HSCs are highly
enriched in the mCD34~/""hCD34* fraction of the Lin~/"°Sca-1*c-
Kit* HSC population in mice ranging from 4 to 16 weeks in age.
Thus, the expression of the hCD34 transgene has been initiated
already at the stage of long-term HSCs.

Down-Regulation of hCD34 Transgene Expression at the Hematopoi-
etic Progenitor Stage. It is of importance to clarify the stages at
which the hCD34 transgene is down-regulated in the mouse. We
recently identified and purified Lin-restricted progenitors down-
stream of HSCs that represent critical hematopoietic branch
points including CLPs (18) and CMPs (17), which are the earliest
progenitors in the lymphoid and myeloid differentiation path-
ways, respectively. We also have identified MEPs and GMPs
downstream of CMPs (17). We tested the expression of hCD34
and mCD34 in these populations as well as other T and B

6250 | www.pnas.org/cgi/doi/10.1073/pnas.092027799

lymphoid-committed progenitors in hCD34 transgenic mice
(Fig. 4). In myeloid differentiation pathways, all CMPs were
mCD34"hCD34*. In contrast, MEPs contained ~30% of
mCD34 hCD34" as well as mCD34 "hCD34~ cells, and
GMPs contained ~20% of mCD34"hCD34~ as well as
mCD34"hCD347" cells. These data suggest that compared with
mCD34, the down-regulation of hCD34 is delayed along the
megakaryocyte/erythrocyte pathway, whereas it slightly pre-
ceded that of mCD34 along the granulocyte/macrophage dif-
ferentiation pathway (Fig. 4a). In the lymphoid differentiation
pathways, a majority of CLPs and the earliest thymic precursors
expressed both hCD34 and mCD34. The expression of the
hCD34 transgene in murine CLPs is reasonable, because we have
found that the human bone marrow phenotypic counterpart of
the murine CLP might be IL-7R*Lin~CD34", and that this
population is contained in the Lin"CD34*CD10" common
lymphoid progenitor fraction reported by Galy et al. (ref. 4;
unpublished data). The down-regulation of hCD34 and mCD34
in lymphoid pathways was initiated at the proT and proB stages
and completed at the preT and preB stages. In the proT and proB
stages, percentages of hCD34" cells were less than mCD34"
cells, suggesting that down-regulation of hCD34 in lymphoid
lineages occur slightly earlier than that of mCD34 (Fig. 4b).

Discussion

Our data demonstrate that the hCD34 transgene is expressed in
phenotypically and functionally defined long-term murine HSCs.

Okuno et al.
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mCD34 is down-regulated in the long-term HSCs, although mCD34 may be
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the megakaryocyte/erythrocyte pathway.

Furthermore, the down-regulation of hCD34 occurs slightly earlier
than that in mCD34 along with granulocyte/macrophage and
lymphoid differentiation pathways. These data strongly suggest that
the regulation of CD34 expression is slightly but significantly
different in human and murine hematopoiesis. The proposed
differential regulation of hCD34 and mCD34 is shown in Fig. 5. In
this model, a vast majority of HSCs as well as CMPs and CLPs
express hCD34 in human hematopoiesis. The model is compatible
with the use of hCD34-enriched cells in clinical applications re-
quiring stem cells.

It should be noted that the definitions of HSC phenotypes we
used here may not cover all HSC populations in adult mouse bone
marrow. It has been reported that some long-term HSCs may
change their phenotypes according to alterations of the hemato-
poietic microenvironment, including hematopoietic stress, in both
mice and humans. For example, the murine c-Kit™ fraction in
steady-state bone marrow reportedly contains some HSCs with
long-term reconstitution activity at a very low frequency (20). It is
possible that the HSC activity in the c-Kit™ fraction may be caused
by occasional down-regulation of c-Kit in a minor fraction of HSCs,
because c-Kit down-regulation can occur in HSCs after 5-fluorou-
racil treatment (21, 22). Likewise, murine long-term HSCs may
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up-regulate mCD34 after transplantation (12) or after treatment
with cytokines (23, 24) or 5-fluorouracil (25). It has been reported
also that murine long-term HSCs are increasingly restricted to the
mCD34~ fraction with aging (26). Our data indicate that in the
steady-state murine bone marrow, long-term HSCs reside almost
exclusively within the mCD34~ fraction irrespective of aging from
4 to 16 weeks and therefore suggest that hCD34" human bone
marrow cells should contain a majority of human counterparts for
murine long-term HSCs in steady-state adult bone marrow.

Xenotransplantation assays have been developed to measure
human HSC activity in vivo. These assays include reconstitution
assays using immunodeficient nonobese diabetic/severe com-
bined immunodeficient mice (27) and in utero transplantation
assays in sheep (28). Although these systems are very useful for
evaluating differentiation activity of human progenitor/stem
cells, engraftment is considerably inefficient. The hCD34~ frac-
tion as well as the hCD34* fraction reportedly contain cells of
long-term differentiation potentials at a very low frequency
evaluated by these systems (27, 28). The detailed phenotype of
the hCD34~ HSC population in humans is still not well de-
scribed. Our data suggest that these hCD34~ HSCs may not
represent the human counterpart of mCD34~/° HSCs, and that
the HSC activity within the hCD34~ population in humans may
represent a minority of HSCs that are not included in the
Lin~Sca-1*c-Kit* HSC fraction in murine bone marrow.

These data suggest that hCD34 and mCD34 are regulated
differently with respect to expression in long-term HSC:s in steady-
state bone marrow. Accordingly, it is reasonable to expect hCD34*
cells to possess the biological activities of murine HSCs defined as
Thy-1.1°Lin~/"°Sca-1*, Lin~Sca-1"c-Kit*, or SP cells that have
been demonstrated in numerous previously published experiments.
These activities might include the potential to differentiate into cells
of other organs, because purified mouse Thy-1.1'°Lin~/"Sca-1+,
Lin~c-Kit", or Lin"CD34" populations contain cells that have
been reported to differentiate into hepatocytes (11), myocytes (29),
and multiple organs (12), respectively. Thus, CD34-enriched cells
currently used for human hematopoietic transplantation should
include a majority of long-term HSCs that can maintain hema-
tolymphoid systems throughout life as well as a majority of myeloid
and lymphoid progenitors and also may contain cells that have
differentiation potential into cells of other organs.
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