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Long-Term Lymphohematopoietic 
Reconstitution by a Single CB34-Low/Negative 

Hematopoietic Stem Cell 
Masatake Osawa,* Ken-ichi Hanada, Hirofumi Hamada, 

Hiromitsu Nakauchi-? 

Hematopoietic stem cells (HSCs) supply all blood cells throughout life by making use of 
their self-renewal and multilineage differentiation capabilities. A monoclonal antibody 
raised to the mouse homolog of CD34 (mCD34) was used to purify mouse HSCs to near 
homogeneity. Unlike in humans, primitive adult mouse bone marrow HSCs were de- 
tected in the mCD34 low to negative fraction. Injection of a single mCD34'"'-, c-Kit+, 
Sca-I+, lineage markers negative (Lin-) cell resulted in long-term reconstitution of the 
lymphohematopoietic system in 21 percent of recipients. Thus, the purified HSC pop- 
ulation should enable analysis of the self-renewal and multilineage differentiation of 
individual HSCs. 

C D 3 4  is a nlarker of human HSCs, mi1 all 
c(o1011y-for~ning activ~ty of human hone mar- 
ro\v (BM) cclls is f ~ ~ u n i l  in the CD34-pos~tive 
fraction ( I ) .  Clinical t r a n ~ ~ l a n t a t ~ o n  studies 
that useil enriched CD34+ BM cells also In- 
dicated tlhe presence of HSCs ~v i th  long-term 
BM recons t i t~~ t ion  ahlllty ~ v i t l ~ i n  this frac- 
t ion (2 ) .  After isolation of the human 
CD34  gene, the mouse homolog (mCD34)  
Lvas isolated by cross-hybridization (3). T o  
examine the  exprcssio11 and function of 
mCD34, we raised a ~l lonoclo~la l  antiboily 
( m A h ) ,  49E8 [rat ~ m m ~ ~ n o g l o h ~ ~ l i  G2a  
(IgG2a)],  to 1nCD34 hy ~mrnun iz~ng  rats 
~ v i t h  a g l ~ ~ t a t h ~ o n e - S - t r a ~ ~ s f e r a s e  (GST) -  
mCD34 f~lsion protein. This nlAh s ta~nei l  
BaF3 cells transfected ~ v ~ t l ~  a f~~ l l - l eng th  
mCD34 c D N A  but not  mock-transkcted 
cells (4 ) .  Murine cell lines s~1c11 as PA6, 
N I H  3T3,  M1,  and DA1,  sho~vn  by reverse 
t ranscr~ptase-poly~~~erase  chain reaction 
(RT-PCR) to contain mCD34 mRNA, 
m7ere also stained by this mAh, ~nilicating 
that 49E8, a l t h o ~ ~ g h  spec~f ic  for a GST-  
mCD34 f ~ ~ s i o n  protein, coulil also rccoglnlzc 
the native for111 of mCD34 as expressed o n  
various cell types (4 ) .  

W e  next examined a(lult mouse BM for 
expressLon of mCD34. Four-color fluores- 
cence-activated cell sorter (FACS) analysis 
m7as done after sequential staining of BM cclls 
~v i th  a combination of lineage-spec~fic lnAbs 
to CD4, CD8, B220, Gr-1, Mac-1, and 
TER119, and tlhen a mixture of ~ n A b s  to c-Kit 
(ACK-2), Ly6A/E (Sca-1), and mCD34 (5). 
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Monoclonal antihoily 49E8 reacted with 
2.5 f 0.5% (mean 2 SD) of total BM cclls, 
~v1t11 most of the posit~ve cclls occurring In the 
L i n  fraction (Fig. 1A) .  More than 90% of 
the c-Kitt Sca I +  L l n  cells prev~ously 
s l ~ o ~ v n  to contain prim~tivc HSCs (6)  stained 
I>rightly Lvith 49E8, ~vhereas tlhe re~nainder 
~vere l(ow to negative (Fig. 1B). The frequency 
of rnCD3qt c-Kitt Sca-lf  L i n  cclls and 
m C D 3 4  c-Kltt Sca- l t  L l n  cells among 
total nucleated BIM cclls Lvas 0.073 f 0.028% 
(mean f SD, n = 5)  and 0.004 f 0.003'%, 
( ~ n e a n  f SD, n = 5) ,  respectively. 

T o  ileter~lline ~vlhether mouse HSCs ex- 
press nlCD34, ~ v e  sorteii s~~bpop~l la t ions  137. 
FACS and exa~l l i~led tlheir stem cell act~vity.  
Within  the c-Kitf Sca- l t  L i n  population, 
the frcilucncy of interleuk~n-3 (IL-3)-de- 
pendent colony-forming ~111it culture (CFU- 
C) per 200 cells Lvas 20.0 -t 3.9% (mean f 
SD, n = 8)  (7) for mCD34+ cells hut only 
0.16 f 0.4% (mean f SD,  n = 8 )  in the 
C D 3 4  fraction. Similarly, mCD34+ cells 
conta1nei1 14.1 f 3.4% (mean f SD,  n = 

15) day 12 CFU spleen (CFU-S) per 200 
cclls, ~vhereas in the m C D 3 4  fraction this 
value Lvas 1.6 f 1.7% (mean f SD,  n = 15) 
(8). Thus,  colony-forming activity Fvas pos- 
it~\,ely correlated ~ v i t h  mCD34 expressLon 
alnong c-Kitt Sca - l+  L i r  cclls. W h e n  
these cells m7ere cultured In the presence of 
both IL-3 and stem cell factor (SCF) ,  h o ~ v -  
ever, 80% of 1 n C D 3 4  c-Kitt Sca - l t  Li11- 
cclls f o r ~ ~ l e d  large multilineage colonies (7). 

For in vivo analyses, c-Kitf Sca- l f  Lin- 
cells m7crc fractio~latcd into mCD34'":  (Fr. 
I ) ,  mCD34'" (Fr. 2 ) ,  and CD34+ (Fr. 3 )  
s~~hpop~l la t ions  according to their mCD34 
expression hy FACS (Fig. 2A) .  Altlhough 
100 c-Kit+ Sca- l t  L i n  cclls Lvcre sufficient 
to raidioprotect a lethally irradiated mouse, 
injection of 300 cells from either the Fr. 1 or 
Fr. 3 suhpop~~lat ion (Fig. 2A)  alone sho~ved 
poor radioprotective ability (9) .  W h e n  cells 
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of both fractions were transplanted together, 
however, both short-term and long-term en- 
graftment was observed (9). These results 
support the hypothesis that there are two 
vital classes of engrafting cells: committed 
progenitor cells that provide initial engraft- 
ment and HSCs that are responsible for de- 
layed but durable engraftment (1 0). 

To  further test this hypothesis, we used 
a competitive long-term reconstitution 
(CLTR) analysis of mouse strains congenic 
for different alleles of the Ly5 antigen on 
the C57BL/6 background. We determined 
the HSC activity by measuring long-term 
multilineage reconstitution of isolated do- 
nor (Ly5.1) cells, whereas minimum radio- 
protection was provided by congenic host 
(Ly5.2) BM L i n  cells. Cells in the three 
fractions (Fig. 2A) were each examined for 
CLTR ability (1 1 ). As in Fig. 2B, mCD34+ 
c-Kit+ Sca-l+ Lin- cells revealed early but 
unsustained multilineage hematopoietic re- 
constitution, indicating that the cells in 
this fraction are capable of multilineage 
differentiation but not of self-renewal (Fig. 
2B). In contrast, delayed but long-term 
multilineage reconstitution was observed 
after transplantation of mCD34'"/- c-Kit+ 
Sca-l+ Lin- cells (Fig. 2B). Thus, radiopro- 
tection does not reflect true HSC activity, 
and primitive HSCs with self-renewal ca- 
pacity can be clearly separated from (i) 
IL-3-dependent CFU-C, (ii) day 12 CFU- 
S, and (iii) the cells that retain multilineage 
differentiation capacity but have lost self- 
renewal potential. 

Using a polyclonal antibody against 
mCD34, Krause et al. reported that HSCs 
with the ability to repopulate BM of lethally 
irradiated mice for 60 days were enriched in 
the mCD34+ population (12). This result, 
however, does not definitively exclude the 
presence of HSCs in the mCD34- popula- 
tion because Krause et al. (12) did not inject 
rescue cells along with the mCD34- cells to 
examine long-term repopulating ability. In 
addition, their CD34+ fraction could have 
contained Lin+ cells because they obtained 
these cells by single-color cell sorting from 
total BM mononuclear cells, whereas in our 
experiments CD34+ cells were Lin-. Thus, 
HSC activity of the CD34+ cells observed 
by Krause et al. could have been due to the 
presence of Lin+ stem cells reported else- 
where (13). 

Given, however, that native mCD34 is 
heavily glycosylated, it was possible that the 
ability of 49E8 to recognize its epitope on 
cells with HSC activity was blocked by an 
unusual sugar modification. To rule out this 
possibility, we examined the cells in three 
fractions of the c-Kit+ Sca-l+ Lin- cells 
(Fig. 2A) for the presence of mCD34 tran- 
scripts. Analysis by RT-PCR revealed a dif- 
ference in the levels of mCD34 mRNA 

among these three fractions corresponding 
to the differences observed with the anti- 
body (Fig. 2C) (14). Thus, on the basis of 
the expression of mCD34, HSCs are distin- 
guishable from progenitors cells that have 
multilineage differentiation potential but 
lack self-renewal capability. 

We further assessed the purity of HSCs by 
injecting a graded number of FACS-purified 
mCD341'J- c-Kit+ Sca-l+ Lin- cells from 
Ly5.1 BM cells into lethally irradiated Ly5.2 
congenic hosts, along with 500 Ly5.2 BM- 
derived mCD34+ c-Kit+ Sca-l+ Lin- cells to 
provide short-term (but not long-term) radio- 
protection (Table 1). Injection of a single 
mCD34''"- c-Kit+ Sca-l+ Lin- cell reconsti- 

tuted the lymphohematopoietic system for 
more than 3 months in 21% of recipients. 
Approximately 85% of the cells of both my- 
eloid and lymphoid lineages in the peripheral 
blood of the survivors were of donor origin. 
Furthermore, in the analysis of the recipients 
of the mCD34''J- c-Kit+ Sca-l+ Lin- cell, 
we detected both mCD341'J- and mCD34+ 
cells of donor origin in the host's BM, dem- 
onstrating the expansion of a mCD34""- 
HSC and differentiation into mCD34+ pro- 
genitor cells. Secondary transfer of donor- 
derived mCD341'J- c-Kit+ Sca-l+ Lin- cells 
resulted in repopulation of lethally irradiated 
congenic host's BM for up to 4 months (9). 

Smith et al. reported a similar experiment 

B c-Kit+ Sca-1+ Lin- gated . 
92.5% 

.;; 30 

" 10 

CD34 (FITC) 1 2 3 1 0  100 
Sca-1 (Phycoerythrin) CD34 (FITC) 

Fig. 1. Flow cytometric analysis of mCD34 expression on murine BM cells. (A) Staining profile of 
lineage markers versus mCD34 on total BM cells. (8) Expression of mCD34 on c-Kit+ Sca-1 + Lin- 
cells. A gate was set on c-Kit+ Sca-1 + Lin- cells (left), and the expression of mCD34 on those cells 
was examined. Fluorescence histogram (right) shows mCD34 staining profile of the gated, stem 
cell-enriched fraction. Of c-Kit+ Sca-l+ Lin- cells, 92.5% stained brightly with 49E8, and the rest 
were negative. 

A c-Kit+ Sca-l+ Lin- gated ~ " ~ 1  lool 

Days after transplantation 
0 " lo- 1 2 510 100 c 

CD34 (FITC) - &?: 
Fig. 2. In vivo analysis of hematopoietic stem cell activity in subpopulations 
of c-Kit ' Sca-1 ' L i n  cells fractionated by mCD34 expression. (A) Sepa- 
ration of c-Kit' Sca-l + L i n  cells by the expression level of mCD34. a - rnCD34 

Fluorescence histogram shows anti-mCD34 staining of c-Kit+ Sca-1 + Lin- 
cells. By FACS analysis, c-Kit + Sca-1 + L i n  cells were sorted into three 
subpopulations: mCD34'"' . mCD34Io, and mCD34 ' (Fr. 1, Fr. 2, and Fr. 3, - HPRT 
respectively) as indicated by the horizontal lines. (B) Competitive long-term 
repopulation abilit~es of isolated subpopulations. Donor (Ly5.1 +)-derived cells were detected in the 
peripheral blood of recipient mice transplanted with 100 Fr. 1 (U) or Fr. 2 cells (C) or 500 Fr. 3 cells (0). 
The percentage of donor-derived cells within myeloid cells (Mac-1 + and Gr-1 +) and lymphoid cells 
(Thy-1 ' or 8220 ')was measured at various time points after transplantation. The data are shown as the 
mean 5 SD of three independent experiments with five to eight animals per trial. (C) Expression of 
mCD34 and HPRT genes within isolated subpopulations was analyzed by RT-PCR. One thousand Fr. 
1 ,  Fr. 2, or Fr. 3 cells were sorted and subjected to RT-PCR analysis. RT-PCR-amplified products from 
mCD34 gene (upper panel) and from HPRT gene as control (lower panel) were electrophoresed, 
transferred to a nylon membrane, and probed with internal oligonucleotides. 
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in which Thv-1'" Lin- Sca-1' cells were A l n o n ~  nine survivors of the sinele-cell rification and exoansion of human HSCs 
used (15). These cells are present in BM at a 
freijuency of 0.02 to 0.0596, suggesting that 
this population is nearly 10 times less en- 
riched for HSCs than is the mCD34'"'- c- 
Kitt Sca-1' L i l l  population, which we find 
occurs at a frecli~ency of 0.004%. Similarly, 
these authors observed lymphohe~natopoi- 
etic reconstitution in only 2 (0.7%) out of 
280 recipients of single FACS-sorted cells at 
8 weeks after transplantatloll (15). In our 
experiment, 21% of the animals reconstitut- 
ed with a single mCD34'"'- c-Klt' Sca-lf 
Lin- cell maintain lymphohematopoiesis at 
high levels for Inore than 3 months. This 
result suggests a greater purity of HSCs in our 
population compared with that defined hy 
Thy-l expression. The representation of 
HSCs in our nooulation is allnost certain to 
he much higher than 21% because, in our 
single-cell injection, all the HSCs are un- 
likely to he successf~~lly transplanted and 
seeded in a suitable m~croenvi~~onment. 

reconstitution, one mouse died of un- 
known causes 4 months after transplanta- 
tion, and six recipients showed a degree of 
reconstitution such that more than 50% of 
both lnyeloid and lymphoid cells in the 
peripheral blood were derived from the 
injected donor stem cell throughout our 
observation period of up to 10 months 
(Fig. 3 ,  A and B) .  Three recipients showed 
a decrease in myeloid or lymphoid recon- 
stitution 7 months after transplantation 
(Fig. 3 A ) .  The  difference in the long-term 
l y ~ n ~ l ~ o h e m a t o ~ o i e t i c  reconstitution in 
each individual HSC luay suggest a vari- 
ability in HSCs with respect to self-renew- 
a1 potential as well as multilineage differ- 
entiation potential. 

Our present observations are in agree- 
ment with a recent report showing near 
normal adulthood helnatopoiesis in mCD34 
knockout Inice (16). Our findings have po- 
tential implications for the prospect of pu- 

Table 1. Graded number of C D 3 4 I 0 '  c-Kit+ Sca-I+ Lin - cells (Fr. 1 cells in Fig. 2A) isolated from 
C57BU6-Ly5.1 mlce were injected into lethally irradiated congenic (C57BU6-Ly5.2) mice, together wth  
500 CD34+  c-Kit+ Sca-I+ L i n  cells (Fr. 3 cells in Fig. 2A) of Ly5.2 orgin. At 3 months after transplan- 
tailon, the percentage of donor (Ly5.1 +)-derived myeloid (Mac-1 + and Gr- I+)  cells and lymphoid 
(ihy-I+ and B220+) cells In the peripheral blood of rec~pient anmals was analyzed. The recpients that 
surv~ved for 3 months and in whose peripheral blood Ly5.1+ cells were detected were scored as 
reconstituted mce. The results are shown as the mean + SD. 

Reconstituton ability of C D 3 4 I o '  c-Kit+ Sca-I+ L i n  cells 

No, of mCD3Llo'- No, of mice Chimer~sm (% Ly5 1 + cells) 
c-Kit+ Sca-1 + reconst~tuted/ 

L i n  cells ~njected tested (%) Myelod (%) Lymphoid (%) 

Fig. 3. Long-term lymphohemato- 
poietic reconst~tut~on by single 
mCD3410/- c-Kit Sca-1 + Lln- 
cells. (A) Long-term observation of 
donor-derived (Ly5.1+) cells in the 
peripheral blood of recip~ent mice 
reconst~tuted with a s~ngle 
mCD3410'- c-Kit+ Sca-1 ' L i n  cell 
(Table 1). Each data point repre- 
sents the frequency of donor-de- 
rived cells In the perphera blood of 
an indiv~dual recipient, (B) Analys~s 
of lymphohematopo~et~c reconstitu- 
ton 10 months aftertransplantat~on. 
The cells from the perphera blood 
were stalned with donor-spec~fic 
Ly5.1 -FlTC, myelold-specifc PE- 
Mac-1 and PE-Gr-I. and ymphoid- 
spec~f~c APC-Thy-I and APC- 
B220 and analyzed by FACS. A 
representative analysis is shown in 
which ch~merism is -82% 

Days after transplantation 

Ly5.1 
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on the basis of CD34 expression as the sole 
criterion. Several studies, including allo- 
genic and xenogenic transplantation, show 
the presence of HSCs in the CD34' frac- 
tion (2, 17). Human and mouse could differ 
in the expression of CD34 antigen. Howev- 
er, without an appropriate assay system, phe- 
notvnic definition of HSCs should be made , 
only after careful experimental studies 
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Regulation of Myosin Phosphatase by Rho and 
Rho-Associated Kinase (Rho-Kinase) 
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The small guanosine triphosphatase Rho is implicated in myosin light chain (MLC) 
phosphorylation, which results in contraction of smooth muscle and interaction of actin 
and myosin in nonmuscle cells. The guanosine triphosphate (GTP)-bound, active form 
of RhoA (GTPaRhoA) specifically interacted with the myosin-binding subunit (MBS) of 
myosin phosphatase, which regulates the extent of phosphorylation of MLC. Rho- 
associated kinase (Rho-kinase), which is activated by GTPsRhoA, phosphorylated MBS 
and consequently inactivated myosin phosphatase. Overexpression of RhoAor activated 
RhoA in NIH 3T3 cells increased phosphorylation of MBS and MLC. Thus, Rho appears 
to inhibit myosin phosphatase through the action of Rho-kinase. 

Stinlulation of smooth muscle and non- 
muscle cells by specific agonists induces 
c-2.- mobilization and activation of MLC 

kinase, which phosphorylates MLC and ac- 
tivates the  ~nyosin adenosine triphos- 
phatase. This sequence of events results in 
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contraction of smooth muscle (1 )  and in- 
teraction of actin and lnvosin for stress fiber 
formation in nonmuscle cells (2) .  However, 
because the cptosolic concentration of 
C a L  is not always proportional to the ex- 
tent of MLC phosphorplation and contrac- 
tion, a n  additional mechanism to regulate 

u 

the  C a L  sensitivity of both processes has 
been proposed (3) .  Because agonists induce 
MLC phosphorylation and contraction in 
per~neabilized smooth muscle at fixed sub- 
rnaxitllal co~ncentrations of Ca2+  in a GTP-  
dependent manner, a G T P  binding protein 
is t h o ~ ~ g h t  to regulate the  receptor-mediat- 
ed se~lsitization of MLC pl~osphorylation to 

pT4-M 
C a '  (4).  T h e  small g~~anosi t le  triphos- 
pl~atase (GTPase) Rho is implicated in the  
etlhancellle~lt of Ca'.. sensitivity of smooth 
muscle contraction by G T P  (5). In perme- 
aliilized snlooth muscle cells, the  no~lhydro- 
lyzable G T P  analog gua~losine 5 ' -0 - (3 -  
thiotriphosphate) (GTP-y-S) illcreases 
MLC phosphorylation at sul~maxirnal Ca" 
collcentrations by inhibiting dephosphoryl- 
ation of MLC, presumably by activating 
Rho (6) .  Rho  exhibits both G D P  
(guanosine d iphapha te )  and G T P  liinding 
and GTPase activities (7). GTPsRho pre- 
sumalily liinds to specific targets and there- 
1.y exerts its biological functions, ~vh ich  
include regulation of the forlnation of stress 
fibers and focal adhesions, cell motility, cell 
aggregation, and cytokinesis (7). W e  have 
identified two putative targets for Rho, 
p128 and p164 (8). T h e  p128 protein is a 
serine-threonine kinase, known as protein 
kinase N (PKN) (8 ,  9). T h e  p164 protein is 
a serine-threonine kinase termed Rho-ki- 
nase (10).  Activated Rho directly interacts 
with PKN and Rho-kinase, and sti t l l~~lates 
their kinase activities ( 8 ,  10).  

T o  identif\~ Rho targets other than PKN 
and Rho-kinase, we applied crude extracts 
of bovine brain membranes to glutathione- 
Sepharose (Pharmacia) affinity columns to 
which glutathiotle-S-tra~lsferase (GST) ,  a 
GDP-bound GST-RhoA fusion protein 
(GDPeGST-RhoA), GTP-y-SeGST-RhoA, 
GTP-y-S.GST-Rl~oAA", GDPaGST-Racl , 
or GTP-y-SsGST-Racl was immobilized. 
RhoAA3' is structurally e q ~ ~ i v a l e n t  to H- 
RasA3', which has a mutation in the  effec- 
tor-interacting domain (sulistitution of 
threonine by alanine) (7,  I1  ). In  addition 
to p128 and p164, a 138-kD protein 
(p118) Lvas eluted from the  GTP-y-  
SaGST-RhoA affinity column, but not  
from the GST or GDPaGST-RhoA columns 
(Fig. l A ) ,  indicating that p118 specifically 
interacted either directly or indirectly with 
the GTP-y-S-bound form of GST-RhoA. 
T h e  p138 protein was eluted from neither 
the GTP-y-S.GST-Rl~oA"3' nor the GTP- 
y-S.GST-Racl affinity columns. 

The  sequences of nine peptides derived 
from p138 were determined: RWIGSE, 
SLLQM, GYTEVL, ETLIIEPEK, DESPA, 
AYVAPTV, SLQGI, AQLHDTNMAL, and 
DENGALIRVIS (1 2). These sequences were 
almost identical to that of the 110-kD regu- 
latory subunit of rat smooth muscle protein 
p l~os~ha tase  1M (1 3),  which is a homolog of 
the myosin-binding subunit (MBS) of rnposin 
phosphatase from chicken (14). We  further 
confirmed that p138 is MBS by imtnunoblot 
analysis. The  p138 protein Lvas recognized by 
antibodies to MBS; an i~nmunoreactive liand 
was specifically detected in the eluate from 
the GTP-y-S.GST-RhoA affinity column 
(Fig. 1B). Therefore, we concl~~ded that p138 

SCIENCE VOL. 273  12 JULY 1996 




