
hTAFl132 coding sequence and then inseriing the 
sequence nto the pGEX2TK vector 

27 Q. Zhou, P. M. L~eberman, T G Boyer, A. J. Berk, 
Genes Dev. 6, 1964 (1 992). 

28. Transcriptional activaton was assayed w ~ t h  frac- 
tionated HeLa extracts and a template w~thout G's 
contanng the adenovirus major late promoter with 
five upstream Gal4 sites (25) [M. Sawadoga and R. 
G Roeder, Proc. Natl. Acad. Sci. U.S.A. 82, 4394 
(1985)l We incubated 100 ng of template with pu- 
r ~ f ~ e d  actvator for 5 m n  on ice. HeLa c e  fractions 
P.l/D.3(lA) and P.5 were added and Incubated at 
30°C for 30 min. Transcrpton was initated by ad- 
dtion of nucleotides [500 mM adenosne triphos- 
phate and cyt~d~ne tr~phosphate and 25 mM 
[a-32P]uridine triphosphate (UTP); 5 mCi per reac- 
ton] and allowed to proceed for 15 min. After sep- 

aratlon on a denatur~ng polyacrylam~de gel, 
[a-32P]UTP lncorporatlon was quant~tated by 
phosphomager (Molecular Dynamcs, Sunnyvale, 
CA). 

29. Abbrevatons for the amno ac~d residues are: A, Ala; 
C, Cys; D, Asp; E, Glu, F, Phe; G, Gly; H, His: I, Ile; K, 
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln, R, Arg, S, 
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

30. Parial complex assembly and in vltro transcr~pton 
were performed essentaly as descr~bed (16). Briefly, 
HA-hTAFl,250 bound to HA antbody beads served 
as the bass of the complex assembly Purified, re- 
combinant proteins were added n the order of 
dTBP, dTAFl160, and dTAFl140, with extensve wash- 
n g  between each addition. The complexes were 
eluted from the beads in 60 (L of buffer containng 1 
mg/m of HA peptide at room temperature for 30 
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Hematopoietic cells differentiate in steps marked by the acquisition or loss of specific 
phenotypic characteristics. Human bone marrow cells that were responsive to the early- 
acting cytokines Kit ligand and interleukin-3 were forced to a metabolic death. The 
subfraction remaining represented 1 in 1 O5 bone marrow mononuclear cells, was deter- 
mined to be quiescent by cell cycle analysis, and had a stem cell immunophenotype. The 
cells were highly enriched for long-term culture-initiating cells, were capable of secondary 
colony formation, and produced both myeloid and lymphoid progeny. Thus, this tech- 
nically simple strategy led to the efficient purification of cells with characteristics of 
hematopoietic stem cells. 

T h e  efficient isolation of hematopoietic 
stem cells would enhance both the investi- 
gation of the processes of lineage commit- 
ment and self-renewal and the clinical strat- 
egies of bone marrow transplantation and 
gene therapy with hematopoietic cells. The 
fraction of human bone marrow that is 
CD34+, CD33-, CD38-, human lympho- 
cyte antigen (HLA) DRp, Thy-1'0, negative 
for lineage-specific antigens, and stains 
lightly with the dye rhodamine-123 is en- 
riched for repopulating stem cells (1 ,  2). 
However, methods that depend on cell sort- 
ing require considerable mechanical manip- 
ulation of the cells, and antibody binding to 
cell surface structures may induce perturba- 

tions of the cells' physiology. Other enrich- 
ment methods have been based on function- 
al characteristics of cells, including soybean 
agglutinin binding (3) and resistance to ei- 
ther the alkylating agent 4-hydroxycyclo- 
phosphamide (4-HC) (4) or the antimetab- 
olite 5-fluorouracil (5-FU) (5). However, 
these methods result in persistent heteroge- 
neity within the selected cell population. 

We reasoned that by combining cyto- 
kine stimulation with antimetabolite treat- 
ment, we could induce cell death in re- 
sponding cells and therefore select for cells 
resistant to the proliferative effects of the 
cytokines. The earliest identifiably commit- 
ted progenitor cells respond to Kit ligand 

mn.  In vitro transcripton was performed w~th the 
G5BCAT template (25). Reacton products were de- 
tected by primer extenson (25) 
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(KL) and interleukin-3 (IL-3) and have ~, 

been identified as primitivk cells capable of 
forming high proliferative capacity colonies 
type 1 (HPP-CFC-I), an in vitro marker of 
a very primitive myeloid cell (6). Because 
the IL-3 receptor is not thought to be 
present on the hematopoietic stem cell ( 7 ) ,  
we incubated these cells with KL and IL-3 
in the presence of serum plus 5-FU for a 
prolonged period to functionally select for 
primitive stem cells. 

We  assessed the selection technique by 
flow cytometric analysis with DNA staining 
dyes (Fig. 1) .  When either bulk bone mar- 
row mononuclear preparations or bone mar- 
row cells selected with CD34+ immuno- 
beads were used, the selection strategy effi- 
ciently eliminated cells in the S or G,-M 
whase. Remaining cells were shown to be in 

%, 

the Go phase by staining with the ribosomal 
RNA dye Pyronin Y (Polysciences, War- 
rington, Pennsylvania). Testing a number 
of different selection strategies, we deter- 
mined that the maximal efficiency was at- 
tained when high concentrations of 5-FU 
were used (>ZOO ~ g / m l )  and when selec- 
tion was continued for at least 7 days. A t  
high concentrations, 5-FU inhibits RNA 
spricing as well as DNA synthesis and may 
therefore act to more effectively eliminate 
metabolically activated cells (8). 

We  evaluated whether our selection had 
isolated cells resistant to the ~roliferative 
effects of KL and IL-3 by use of the fluores- 
cent membrane dye PKH26, which is stable 

Dav 0 Dav 7 

Fig. 1. Cell cycle status of CD34+-selected or unselected bone marrow (BM) mononuclear I 
Control 5-FU 

I 

cells cultured under control or 5-FU-selected condltlons (23). Cells were stalned wlth 
propldium Iodide (PI) and Hoechst 33342 (HO) (Sigma) (24) and then analyzed by flow 
cytometry on days 0 and 7.  HO stalning lntenslty varles wlth DNA content and Increases as 
cells transit from Go-G, into the S and G,-M phases of the cell cycle. PI staining increases 
with elther loss of viability (PI,,,,,,, HO,,) or as cells undergo the S ,  G,, and M phases 
(PI,,,,,,, HO,,,,,,i. Under control conditions, the full spectrum of the cell cycle was repre- 
sented as indicated by varlable HO staining, with more nonviable cells (PI,,,,,,, HOlo) PI 

present after the'7-day lrrcubation perlod, which results from terminally differentiated cells in 
liquid culture. However, the 5-FU-treated cells are restricted to HO,, staining and had an 
Increased proportion of nonviable cells. A remalnlng small subpopulatlon of vlable cells (PIlo, 
HOlo) in the 5-FU-treated cultures was confirmed by trypan blue exclusion analysis. Simllar 
results were obtalned with elther CD34+-selected (bottom) or bulk preparations of bone 
marrow mononuclear cells (top). HO 
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in cell membranes. As cells divide, the dye 
partitions in daughter cells, yielding an ex- 
ponential decrease in the fluorescence in- 
tensity per cell. During the selection pro- 
cess, cells with high PKH26 fluorescence 
were enriched, and unlike control cells, 
their peak fluorescence intensity did not 
decline (Fig. 2). 

Morphologically, the residual cells were 
small in size (6 km) with dense chromatin 
and a faint halo of cytoplasm (Fig. 3B). 
Immunophenotypic analysis was performed 
by fluorescence microscopy on cytocentri- 
fuged preparations by two independent 
readers (9). No cells stained with markers 
for potentially contaminating quiescent 
lymphoid cells (CD19 or CD45Ra) or for 
more differentiated progenitor cells (CD38, 
CD33, or HLA-DR). In contrast, all cells 
scored positively for CD34 and c-Kit. These 
latter markers are present on cells capable 
of providing multilineage human hemato- 
poietic tissue in a chimeric fetal sheep mod- 
el (10). The particular combination of 
markers present on the selected cells 
matches that found by a number of other 
investigators to identify a subset of very 
primitive hematopoietic cells (1 ). The yield 
of cells selected by our method was approx- 
imately 1 in every lo5 bone marrow mono- 
nuclear cells. 

Functional characterization of human 
hematopoietic progenitor cells depends on 
in vitro assays. Cells selected in KL, IL-3, 
and 5-FU were uniformly incapable of form- 
ing colonies in methylcellulose upon com- 
pletion of the selection process, despite sup- 
plementation with multiple combinations 
of early- and late-acting cytokines. Howev- 
er, when cultivated with irradiated bone 
marrow stromal feeder cells in a long-term, 
culture-initiating cell (LTC-IC) assay ( I  1 ), 
the cells generated colonies of mixed my- 
eloid lineages beginning at 3 weeks. To  
quantitatively assess the ability of the se- 
lected cells to generate more differentiated 
cells over time, we used a limiting dilution, 
96-well-plate LTC-IC assay (12). Cells 
were plated with the Becton Dickinson cell 
deposition unit (CDU), which has an accu- 
racy of plating of 0.1% (1 3), to provide 24 
wells each of 0, 1, 5, 10, or 100 cells per 
well. The fraction of samples with one cell 
per well that yielded colonies after 5 weeks 
of cultivation with stroma, then 2 weeks in 
methylcellulose, in five independent exper- 
iments was 73% (95% confidence interval, 
64 to 80%) (Table 1). When normalized for 
the maximal number of wells scoring posi- 
tive in the samples with 5, 10, or 100 cells 
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per well (which is thought to reflect the 
supportive capacity of the irradiated feeder 
layer), the percent positive was 89% (95% 
confidence interval, 82 to 95%). This result 
compares favorably with the highest yield 
reported with any other subselection tech- 
nique for bone marrow cells (1 2) and was 
significantly better than the results ob- 
tained with CD34+ bone marrow cells in 
our assav (P < 0.001 bv Fisher's exact test). , . 
Stroma-alone control cultures were uni- 
formly negative. 

Individual subselected cells were capable 
of inducing many areas of cobblestonelike 
proliferation on the stromal feeder layers 
and, after 5 weeks of cultivation with stro- 
ma, multiple colonies in methylcellulose 

Fig. 2. Lack of cell division in cytokine plus 
5-FU-selected cells. We evaluated bone marrow 
mononuclear cell proliferation by staining with 
the stable membrane dye PKH26 (Zynaxis, 
Malvern, Pennsylvania) and evaluated it by flow 
cytometry (FACScan, Becton Dickinson, San 
Jose, California) using the FL2 channel. PKH26 
stains cells differentially on the basis of cell type, 
which is thought to be the basis for the range of 
overlapping peaks when unselected bone mar- 
row mononuclear cells are used (top, left). 

Fig. 3. Morphology of 
CD34+ bone marrow mono- 
nuclear cells cultured in the ~ 
presence of IL-3 and KL (A) 
or in the presence of IL-3. i 
KL, and 5-FU (B) for 7 days. 
Control cells (original magni- 
fication x400) were large 
with evidence of active mito- . 
sis, whereas 5-FU-selected 

C 
cells (original magnification r i q  
XIOOO) - were -uniformly 
small with dense nuclei and - 
only a faint rim of cytoplasm. 1 
After long-term bone mar- 
row culture of single cells, 
cytospin preparations re- 
vealed cells of variable size 
with large, macrophage-like 

(mean, 5.2 colonies per cell; 95% confi- 
dence interval, 4.4 to 6.0 colonies per cell; 
range, 1 to 17 colonies per cell) (Fig. 4). 
Dispersed cells from these colonies were 
capable of forming secondary cultures on 
replating in methylcellulose with an effi- 
ciency of 40%. The colony morphology var- 
ied between compact and loosely associated 
clusters. The latter morphology predomi- 
nated in the cultures and is consistent with 
that of a colony-forming unit (CFU) blast. 

Control w 

log Fluorescence intensity 

cells that were often clus- 
tered (C) (original magnifica- 
tion x400) and that stained 
positively for a-naphthyl es- 
terase [(D), left] or CDll b 
antibody [(D), right]. Dis- 
persed cells and some clus- 
tered larger cells were nega- 
tive for a-naphthyl esterase; 
stroma-alone cultures re- 
vealed rare a-naphthyl es- 
terase-positive cells. Iso- 0 1 2 3 4  
type control antibody stain- log-- 
ing was negative [(D), right, s:,:cAs 
bottom]. Smaller, dispersed 
cells (magnification ~ 1 0 0 0 )  were lymphoid in appearance [(E), left], and some stained positively for B 
cell-specific CD19 [(E), right]. The middle panels of (D) and (E) are phase-contrast micrographs of the cells 
shown in the panels to their right. (Lower right panel) Pooled nonadherent cells were stained with CD19 
antibody (red) or isotype control antibody (black) and analyzed by flow cytometry. Images of cell mor- 
phology shown were obtained after Wright-Giemsa staining. 
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Less than 20% of colonies were of the HPP- 
CFC or mixed colony-forming unit (CFU- 
mix) morphologic type. 

We next sought to determine the differ- 
entiative capacity of the selected cells- 
specifically, whether the selected cells were 
capable of differentiating along lymphoid as 
well as myeloid lineages. First, we con- 
firmed that individually selected cells plat- 

ed under standard Dexter culture condi- 
tions (14) produced progeny that histolog- 
ically resembled macrophages, histochemi- 
al ly  stained positively for the enzyme 
a-naphthyl esterase, and were cell surface- 
positive for CDl lb  by immunofluores- 
cence. The selected cells were thereby con- 
sidered capable of maturing along myeloid 
lines, specifically producing monocytoid 
cells in liquid culture. Single-cell prepara- 
tions were then cultivated under Dexter 
culture conditions for 4 weeks and then 
switched to culture conditions adapted from 

the lymphoid-supporting Whitlock-Witte 
cultivation system; this modification in mu- 
rine systems results in the production of 
both myeloid and lymphoid cell elements 
(15). A sample of cells derived from these 
culture conditions was stained for the B 
cell-specific marker CD19 and myeloid 
markers CDllb and esterase. Single cells 
yielded both myeloid (esterase+, CDllb+) 
(Fig. 3, C and D) and lymphoid (CD19+) 
(Fig. 3E) progeny. Pooled nonadherent cells 
stained with CD19 and analyzed with flow 
cytometry were 57% lymphoid (Fig. 3). 
These data are consistent with the conclu- 
sion that the selected subpopulation of 
bone marrow cells had multilineage poten- 
tial in addition to having LTC-IC function- 
al capacity. 

To evaluate the characteristics of the 
selected cells, we isolated individual cells 
from various stages of differentiation in mi- 
crotiter wells and generated complementary 
DNA (cDNA) that was nonspecifically am- 
plified by a modified polymerase chain re- 
action method (15, 25). Panels of cDNAs 
were then probed for expression of cytokine 
receptors. To confirm that the panels of 

Fig. 4. Functionally selected bone marrow mono- 
nuclear cells (Go cells) could generate cobble- 
stonelike areas when cultivated with human stro- 
ma. Control stromal cultures (A) appeared distinct 
on phase microscopy from the cobblestonelike 
cultivation cultures (B), where cobblestonelike ar- 
eas are marked by arrowheads and in which clus- 
ters of cells extended vertically into the superna- 
tant (photographed at a different focal plane) (C). 
After cultivation with irradiated bone marrow stro- 
ma feeder layers, colonies in methylcellulose were 
evident (D through F). Original magnification, 
x400. 

Go CD34+CD33+ C D l P  CD3+ C D l l b +  CD41a+ 
I----- G, CD34+CD33- CD34+CD33+ CD19' CD3' C D l l  bt 

Go CD34+CD33- CD34+CD33+ C D l P  CD3+ C D l l  b+ 
I----- 

i .s 4 
were used to avoid individual cell artifacts; individual cell differences may 
represent heterogeneity in the cell subset or contamination by extraneous 
cells. The amplification schema results in variable length cDNAs from any 
given transcript, resulting in smears rather than bands when they are hybrid- 
ized to a corresponding probe (1 7). 

Fig. 5. Analysis of cytokine receptor gene expression in single cells represent- 
ing various stages of hematopoietic differentiation. The lower panel of each 
receptor set is the ethidium bromidestained cellular cDNA subsequently 
transferred to a nylon filter, probed with the indicated receptor cDNA, and 
subjected to autoradiography (upper panels). Panels of five cells of each type 
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Table 1. Limiting dilution LTC-IC assay results from the wells plated at one cell per well in 24 replicates 
in five independent experiments. Wells yielding colonies in methylcellulose were scored as positive. Data 
from all wells (mean, 73%; 95% confidence interval, 64 to 80%) or data normalized to the maximum 
number of wells positive of the samples with 5, 10, or 100 cells per well (mean, 89%; 95% confidence 
interval, 82 to 95%) are shown. No colonies were seen in any control wells (0 cells per well); no statistically 
significant differences between the samples with 5,10, or 100 cells per well were detected (mean, 79%, 
81 %, and 81 %, respectively). Control CD34 + bone marrow mononuclear cells similarly plated yielded an 
estimated LTC-IC frequency of 4.5 to 8.6% when evaluated by Poisson analysis (25). 

Normalized All wells 
Experiment 

Positive/total % positive Positive/total % positive 

1 17/19 89 17/24 71 
2 19/21 90 19/24 79 
3 19/21 90 19/24 79 
4 17/18 94 17/24 71 
5 15/18 83 15/24 63 

cDNAs represented differentiation-specific 
subsets of cells, we initially probed for re­
ceptors whose expression is known to be 
cell type-specific (Fig. 5). The erythropoi­
etin receptor was selectively present in 
cDNA derived from the dispersed cells of 
an early burst-forming unit erythroid 
(BFU-E), as would be predicted (18). Simi­
larly, the transcript for c-Mpl (19), associ­
ated with megakaryocytic differentiation, 
was detected in CD4 la-selected cells 
(megakaryocytes) and the early myeloid 
committed CD34+CD33+ cells from which 
megakaryocytes descend. Unexpectedly, 
the subselected stem cells also expressed 
c-Mpl. The granulocyte-macrophage colo­
ny-stimulating factor a receptor (GM-
CSFRa) was expressed on mature C D l l b + 

(granulocytic and monocytic) and CD41a+ 

(megakaryocytic) cells as well as on the 
common precursor to these cells, 
CD34+CD33+ , an observation consistent 
with the known responsiveness of these cell 
types to GM-CSF (20). 

Other receptors had different patterns of 
expression. The gpl30 subunit shared by 
multiple cytokine receptors such as IL-6, 
IL-11, leukemia inhibitory factor, oncosta-
tin M, and ciliary neurotrophic factor was 
in all cell types tested. Multiple hematopoi­
etic cell types, including primitive cells, 
responded to IL-1 and IL-6 (21), and 
cDNAs for both were detectable in most 
cells tested, except the CD34+CD33+ sub­
set. 

To confirm that our KL- and IL-3-se-
lected population was not responsive to 
these cytokines, we probed for their recep­
tors. We detected expression of c-Kit, but 
no expression of the (B chain shared be­
tween GM-CSF and IL-3. Thus, because KL 
induces proliferative responses only in the 
presence of a second cytokine and may act 
alone as a survival factor (22), these data 
are consistent with the functional isolation 
strategy we used. 

This system may be useful for character­
izing the cytokine stimuli and adhesive in­

teractions that will trigger the quiescent 
stem cell population into the cell cycle. Our 
method exploits the functional characteris­
tics of cells proceeding along hematologic 
differentiation programs in order to isolate 
subsets of primitive cells. This technique 
avoids the mechanical trauma of multiple 
rounds of 'cell sorting and the potential 
perturbation of cell function induced by 
antibody binding. Further, this strategy is 
potentially applicable to clinical situations, 
because the mechanical handling of the 
cells is minimal. The output of this isolation 
strategy is a highly enriched subfraction of 
multipotent cells with in vitro characteris­
tics that are consistent with those of repop-
ulating stem cells. If stem cell gene trans­
duction is desired, this method may aug­
ment the specific targeting of such cells, 
particularly important when virus-based 
transduction strategies are involved. Fur­
ther, the relative purity of this population 
lends itself to the molecular study of the 
events regulating the quiescent stem cell. 
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with 10 mM tris HCI (pH 8.3), 50 mM KCI, 2.5 mM 
MgCI2, 1 mM deoxyribonucleotide triphosphate, 
0.05% Triton X-100, 5 |xM (dT)24X primer (ATG TCG 
TCC AGG CCG CTC TGG ACA AAA TAT GAA TTC 
dT24), and 5 units of Taq polymerase (Perkin-Elmer 
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1 rote in phosphorylation is a primary means 
of mediating signal transduction events that 
control cellular processes. Accordingly, the 
activities of protein kinases and phospho-
protein phosphatases are highly regulated. 
One level of regulation is reflected by re­
striction of the subcellular distribution of 
several kinases and phosphatases by associ­
ation with targeting proteins or subunits (I), 
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used the yeast two-hybrid system (4) to iso­
late complementary DNAs (cDNAs) that 
encode proteins that associate with 
AKAP79, a human neuronal anchor protein 
(5, 6). One positive clone, termed 11.1, 
contained cDNA for a murine (3 isoform of 
the 'CaN A subunit (7). Control experi­
ments with dihybrid crosses showed that 
CaN specifically interacted with AKAP79; 
matings of yeast containing CaN cDNA 
with those expressing Gal4 fusions of RII, 
casein kinase 1, or phosphodiesterase, or the 
Gal4 DNA-binding domain alone (pASl), 
were negative (Fig. 1). The two-hybrid sys­
tem also positively identified interactions 
between RII and itself (dimerization) and 
between RII and AKAPs 79 or Ht31 (8) 
(Fig. 1). These observations provide evi­
dence for association of AKAP79 with CaN 
and, because AKAP79 also binds RII, sug­
gest the occurrence of a ternary complex 
between type II PKA, AKAP79, and CaN. 

We used biochemical methods to exam­
ine whether PKA and CaN are associated 
in mammalian brain. Calmodulin-binding 
proteins were isolated from bovine brain 
extracts by affinity chromatography, and 
CaN was immunoprecipitated with affinity-
purified antibodies to the CaN A subunit 
(9). Immunoprecipitates were incubated 
with cAMP, and the resulting eluate was 
assayed for PKA activity by addition of 
adenosine triphosphate (ATP) and kemp-
tide substrate. The specific activity of pro­
tein kinase was increased by purification of 
a 30 to 60% saturated ammonium sulfate 
fraction of the extract on calmodulin-aga­
rose (28 ± 6-fold; mean ± SD, n = 3) and 
by immunoprecipitation with specific anti­
bodies to CaN (123 ± 3.6-fold) (Fig. 2A). 
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Specificity of protein kinases and phosphatases may be achieved through compartmen-
talization with preferred substrates. Iri neurons, adenosine 3',5'-monophosphate 
(cAMP)-dependent protein kinase (PKA) is localized at postsynaptic densities by as­
sociation of its regulatory subunit with an A kinaseanchor protein, AKAP79. Interaction 
cloning experiments demonstrated that AKAP79 also binds protein phosphatase 2B, 
or calcineurin (CaN). A ternary complex of PKA, AKAP, and CaN was isolated from 
bovine brain, and colocalization of the kinase and the phosphatase was established in 
neurites of cultured hippocampal neurons. The putative CaN-binding domain of 
AKAP79 is similar to that of the immunophilin FKBP-12, and AKAP79 inhibited CaN 
phosphatase activity. These results suggest that both PKA and CaN are targeted to 
subcellular sites by association with a common anchor protein and thereby regulate the 
phosphorylation state of key neuronal substrates. 


