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Quanti tat ive Analysis of CD34 + Stem Cells 
Using RT-PCR on Whole Cells 

David A. Molesh and Jeff M. Hall 

CellPro, Inc., 22322 20th Avenue SE, Suite 100, Bothell, Washington 98021 

We have employed RT-PCR of whole 
cells to develop a quantitative 
method for estimating the number of 
rare cells expressing a unique mRNA 
in a large, mixed population of cells. 
We have demonstrated that  RT-PCR 
can be done on whole cells without  
the need for extraction of the RNA. 
This allows for a great saving of t ime 
and effort, as well as allowing quan- 
titative analysis to be based on the 
total number of cells analyzed in a 
given aliquot and the presence or ab- 
sence of the specific RT-PCR product. 
We have employed a l imiting dilu- 
tion series on whole cells, with mul- 
tiple aliquots at each cell concentra- 
tion to achieve more statistical 
power in the analysis of a rare cell 
type. We have used a nested amplifi- 
cation of the CD34 mRNA to be able 
to detect a single cell expressing the 
CD34 mRNA in a larger population of 
non-CD34-expressing cells. We dem- 
onstrate that by using this technique, 
cells from blood and bone marrow 
containing the CD34 mRNA can be 
followed quantitatively during a 
multistep purification involving im- 
munoadsorption followed by fluores- 
cence-activated cell sorting. We also 
demonstrate that many cells that  ex- 
press the CD34 protein on their  sur- 
face no longer contain detectable 
levels of CD34 mRNA, a phenomenon 
that appears to be developmentally 
regulated. 

T h e r e  are a variety of circumstances in 
which it is of great value to be able to 
determine the presence and amount  of a 
rare cell type among other more numer-  
ous cells. Examples include the detection 
of tumor cells in blood or bone mar- 
row, ~ the identification of donor and/ 
or host cells in chimeras that have re- 
sulted from tissue transplantation, ~2~ the 
detection of fetal cells in maternal 
blood, ~3~ and the detection of virally in- 
fected cells present in a tissue in which 
the majority of cells are not infected/4~ 
In many  of these cases, the rare target 
cell may be present at levels of 1 per 
1• 100 nontarget cells or less. 

PCR has been shown to be capable of 
detecting a single target molecule or 
cell/s,6~ Providing that the target cell has 
a unique nucleic acid sequence relative 
to a nontarget cell type, PCR is capable of 
the amplification of the target molecule 
over a great excess of nontarget nucleic 
acid. Analysis of rare cell types by PCR 
amplification, such as detection of chro- 
mosomal  translocations in examinat ion 
of min imal  residual disease, is increas- 
ingly being applied in the clinical set- 
ting/7~ Studies have shown that using 
purified DNA, PCR can detect one lym- 
phoma cell present in 1,000,000 normal  
cells. ~s~ Incorporation of a reverse tran- 
scriptase (RT) step prior to PCR has ex- 
tended such analysis to cellular RNA; 
however, a l imitat ion in these studies is 
that they generally have used DNA or 
RNA extracted from a single, large ali- 
quot of cells and then extrapolated back 
to achieve an estimate of the starting lev- 
els of the target cell. Therefore, a small 
number  of cells containing a large 
amount  of target nucleic acid will be in- 
distinguishable from a large amount  of 
cells containing low levels. 

Two general methods have been pro- 

posed for quantitative PCR. One method  
consists of competitive coamplif icat ion 
of a standard sequence, a known amoun t  
of which has been introduced into the 
sample. (9'1~ The second method  relies 
on l imit ing dilut ion analysis of the sam- 
ple, with the rate of disappearance of the 
target signal compared relative to that of 
another known product/11~ More re- 
cently, the use of PCR on whole cells in 
dilution series has allowed quanti tat ion 
of a particular DNA sequence relative to 
the number  of starting cells. ~ 

The method  described in this paper 
combines the concept of l imit ing dilu- 
tion analysis of whole cells with nested 
RT-PCR, capable of detecting a single 
target cell over a background of large 
numbers  of nontarget cells, to evaluate 
the presence and number  of a rare cell 
type found in h u m a n  blood, the he- 
matopoietic stem cell. In this method,  
one first obtains a cell count of the start- 
ing amount  of blood in which  there ex- 
ists a rare cell type with a unique mRNA 
that is only expressed in the target cells 
and that can be detected at single cell 
levels using nested RT-PCR amplifica- 
tion. In the example presented in this 
paper, we have detected the presence of 
the h u m a n  hematopoiet ic  stem cell by 
using RT-PCR of the mRNA for the CD34 
cell-surface antigen. ~s~ A series of repli- 
cate aliquots containing decreasing 
numbers  of cells from the total popula- 
tion is then set up, down to levels at 
which the rare cell is no longer present 
and thus no longer gives a PCR signal. By 
counting the n u m b e r  of wells with the 
PCR product at each concentration, it is 
possible to obtain an accurate estimate 
of the concentrat ion and number  of 
those rare cells in the initial population. 

This paper demonstrates that the 
CD34 § hematopoiet ic  stem cell, present 
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at levels below 1/1000 in peripheral 
blood, can be followed quantitatively us- 
ing RT-PCR of whole cells during a mul- 
tistep purification protocol involving 
avidin-biotin immunoadsorp t ion  fol- 
lowed by fluorescent-activated cell sort- 
ing (FACS). We demonstrate  that  m a n y  
cells with CD34 molecules on their sur- 
face contain no detectable CD34 mRNA 
and that this p h e n o m e n o n  may be re- 
lated to pathways associated with he- 
matopoietic stern cell maturat ion.  This 
work demonstrates that RT-PCR can be 
used in a very simple manne r  on whole 
cells, with no extraction of nucleic acid 
required, and can be used to quantitate 
rare cells present at levels of 1 in 106. 

MATERIALS AND METHODS 

Peripheral blood monocytes and mono-  
nuclear cells from h u m a n  marrow were 
taken from heal thy volunteer  donors 
and were isolated on a Ficoll gradient 
(density 1.077). Residual erythrocytes 
were then hemolysed for 2 min at room 
temperature in 0.84% a m m o n i u m  chlo- 
ride, 0.1% potassium bicarbonate, and 
0.002% EDTA, and the remaining cells 
were washed in phosphate  buffered sa- 
line (PBS) containing 1% bovine serum 
albumin. Cells were resuspended in PBS, 
counted on a hemocytometer ,  and put  
into a 96-well PCR tray at various num- 
bers of cells per well. The total volume of 
cells put in each well was kept constant  
at 5 ~l. Cell lines used as controls were 
KGIA (CD34 +) and HL-60 (CD34-) ,  ob- 
tained from the American Type Culture 
Collection. 

Cells were lysed by heating at 95~ for 
5 min. Eight microliters of DEPC-treated 
water was added to each tube, along with 
1 p.1 of the 3' outer pr imer (from a stock 
solution at 0.1 nmoles/l~l). This mixture 
was incubated for 10 min at 65~ and 
then placed on ice. Six microliters of 
Master Mix 1 was then added to each re- 
action tube. Master Mix 1 consisted of 2 
~l of 10• RT buffer (200 mM Tris-HC1 at 
pH 8.4, 500 mM KC1, 25 mM MgCl2, and 1 
mg/ml of BSA), 2 ~l of 0.1 M DTT, 1 Izl of 
10 mM dNTPs, and 1 ~l of RT (200 U/~l). 
This mixture was incubated at 42~ for 
50 min, followed by 5 min at 95~ The 
20-1~1 volume was then brought  to 100 Ftl 
with the addition of 80 ~l of Master Mix 
2. Master Mix 2 consisted of 1 ~l of Taq 
polymerase (5 U/~l), 1 ~l of each of the 
two outer primers (from stocks of 1 
nmole/~l), 69 ~l of water, and 8 ~l of 

lOx PCR buffer (100 mM Tris-HC1 at pH 
8.3, 500 mM KC1, 25 mM MgCl2). Thirty- 
five cycles of PCR ensued, with a temper- 
ature profile of 30 sec at 94~ 55~ and 
72~ One microliter of product from 
this first PCR round was added to 50 Izl 
of Master Mix 3 (10 mM Tris-HCl at pH 
8.3, 50 mM KC1, 2.5 mM MgC12, 200 ~M 
dNTPs, 1 p.M concentration of the two 
internal primers, and 25 U/ml of Taq 
polymerase) for a second round of PCR 
for 35 cycles, with a temperature profile 
of 30 sec at 94~ 55~ and 72~ The 
PCR products were analyzed on a 3:1% 
NuSeive/GTG agarose gel (FMC). RT- 
PCR was performed using reagents sup- 
plied with the BRL superscript amplifica- 
tion system, whereas regular PCR was 
performed using reagents supplied by 
Boehringer Mannheim.  All PCR reac- 
tions were performed by using a Perkin- 
Elmer 9600 thermocycler. Total cellular 
RNA was extracted as described previ- 
ously. O6) 

The sequences of the nested CD34 
mRNA primers were CACCCTGTGT- 
CTCAACATGG and GGGAGATGTTGC- 
AAGGCTAG (outer pair, 5' and 3', 
respectively) and CAGTGTCTACTGCTG- 
GTCTTGG and GAATAGCTCTGGTG- 
GCTTGC (inner pair, 5' and 3', respec- 
tively). The product sizes for the two 
amplicons were 257 and 140 bp, respec- 
tively. Primers were obtained from Op- 
eron Technologies, Alameda, CA. Prim- 
ers for detecting CD34 were designed 
based on the genomic DNA sequence; (17) 
the two 5' primers were within exon 
2, and the two 3' primers were within 
exon 3. 

Avidin-biotin immunoaff in i ty  selec- 
tion of CD34 + cells from h u m a n  blood 
and marrow was accomplished using the 
CellPro CEPRATE CD34 LC laboratory 
cell separation system (CellPro, Bothell, 
WA). Cell sorting was accomplished with 
a Colter EPICS Elite cell sorter, using the 
fluorescent-labeled antibodies HPCA 
(PE-labeled anti-CD34) and FITC-labeled 
anti-HLA-DR, both obtained from Bec- 
ton-Dickinson. 

Statistical Analysis 

When multiple replicate aliquots con- 
taining a limiting number  of target cells 
are being amplified, a statistical treat- 
ment  of the resulting number  of positive 
wells should be used to calculate the es- 
t imated target cell concentration. The 
variables needed to derive the target cell 

concentrat ion are Q = n u m b e r  of cells 
per well at dilution i, n = number  of wells 
at each dilution, and k i = the number  of 
positive wells at the ith dilution. This as- 
sumes that  the method  will be used in 
situations where the target cells are rela- 
tively rare, for example, less than  a few 
percent of the parent  population.  Under 
this model  the Poisson distribution can 
be used. This method  is based on calcu- 
lating the m a x i m u m  likelihood estimate 
of f, the fraction of target cells in the 
parent  population. 

Let X equal the number  of target cells 
in a single well at dilution i. X has a Pois- 
son distribution with a mean  equal to 
f • xc i. The probability that  a given well 
will be positive in this assay is given by 
equation 1. 

P ( X  > O) = 1 - exp( - fc i )  (1) 

The probability of observing the ex- 
perimental  outcome of k i out  of n wells 
positive at dilution i is given by equat ion 
2, expressed in logari thmic form for con- 
venience. 

loge[P(k~) ] -- log[C(n, ki)] + ki 
log[1 - e x p ( -  fQ)] 
- fci(n - ki) (2) 

where C (n,ki) is the binomial  coefficient 
for n and k, Taking the log of this like- 
l ihood function, given by equation 3. 

logL = ~,log[C(n, ki) ] + ]~ki 
log[1 - exp(-fc i ) ]  
- ~ f c i ( n  - k ~ )  (3) 

Taking the first derivative of logL with 
respect to f and setting it equal to 0 will 
determine the value of f, the concentra- 
tion of target cells that  maximizes the 
probability of the observed outcome. 
Equation 4 is given, where N =  the total 
number  of cells in all the wells at all di- 
lutions. 

Ekici/(1 - exp - fci) = N (4) 

An approximate solution for f can be 
found by using a quadratic approxima- 
tion to the function on the left hand  side 
of equation 4. The approximate solution 
is given by equation 5. 
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f = ~,ki/[N - E(k i x ci/2)] (5) 

To use this first approximation,  only the 
dilutions that  produce mixed positive 
and negative wells should be used along 
with the first ne ighbor ing higher  and 
lower dilutions (if there are any) that 
produce all positive or all negative wells. 
A large series of dilutions that produce 
either all positive or all negative wells 
will seriously bias the est imation using 
equation 5. 

RT-PCR on Whole Cells to the Single 
Cell Level 

PCR of DNA from whole cells has been 
accomplished in the past from a variety 
of tissues. (is) We first investigated 
whether  it was possible to perform RT- 
PCR on mRNA in whole cells that were 
lysed directly without  extraction of the 
RNA. In experiments to determine the 
effect and sensitivity of RT-PCR on RNA 
from whole  cells versus extracted RNA, 
KGIA cells, wh ich  contain  the mRNA for 
CD34, were diluted from 1 0 , ~  cells to 
single ceil levels. Using nested amplifica- 
tion of the CD34 message; the PCR sig- 
nal generated from whole  lysed cells was 
compared with that generated from pu- 
rified cellular RNA. Figure 1 shows the 
RT-PCR product obtained from the am- 
plification of the CD34 message in  
whole cells compared with the RT-PCR 
p r o ~ c t  from RNA extracted from KGIA 
ceils. The amount  of cells either ex- 
tracted or used directly was 10,000, 
1,000, 100, 10 (1 well each), and  four 
replicates of I cell per welt. Product was 
only observed in  extracted mRNA when  
a m i n i m u m  of 10,000 cells were used in 
the extraction. In contrast, in  the eight 
lanes of Figure 1 in which  RT-PCR of 
CD34 message was performed directly 

on whole cells, a signal was detected in 
all lanes except one of the four single- 
cell replicates. On the basis of the Pois- 
son distribution presented in the statis- 
tics section of this paper, approximately 
one in three wells would be expected to 
be blank at the single cell level, in good 
agreement with the one in four ob- 
served. 

Having shown that the direct ampli- 
fication of RNA from whole cells was 
possible down to the single-cell level, we 
then demonstrated that this sensitivity 
was possible in the presence of large 
numbers  of nontarget cells. Figure 2 
shows the results when a single target 
KGIA cell was mixed with HL60 cells, 
which  do not express the CD34 mRNA, 
at ratios of 1:10,000, 1:25,000, 1:50,000 
and 1:100,000. The CD34 RT-PCR prod- 
uct was detectable at all the ratios, even 
at 1:100,000 KGIA/HL60 cells. Again, i t  
will be noted that there are several blank 
wells among the duplicates at each of the 
four ratios, which again is most likely to 
be the chance outcome of attempting to 
put one target cell in a well. 

Having shown that the mRNA from a 
rare target cell can be amplified in the 
presence of large numbers  of nontarget 
cells, we demonstrated that it is possible 
to employ RT-PCR on a mixed popula- 
tion of cells to quantitate the level of a 
rare cell containing a un ique  mRNA 
within  the general population. By per- 
forming mult iple replicate wells of 
nested RT-PCR at a variety of cell num- 
bers over a range of dilutions that go 
from saturation (one or more target cells 
in every well) to well below saturation 
level, it should be possible to calculate a 
value for the amount  of the target cell 
type in the starting population. 

To prove that this assay was quantita- 
tive and linear within the range de- 
scribed, the following experiment was 
performed. A mixture of 100 KG1A and 

FIGURE I Comparison of RT-PCR of CD34 from extracted RNA and whole cells. (Lane 1)Mo- 
lecular weight size markers (HaelH digest of pBR322); (lanes 2-9) RT-PCR on RNA extracted from 
I(P, 103, 102, 10, and four lanes of 1 KG1A cells; (lanes 10-17). RT-PCR performed directly on 
whole cells at levels of !04, 10 a, 102, 10, and four lanes of 1 KG1A cell; (lane 18) RT-PCR on 
purif ied mRNA extracted from I0  7 KG1A cells; (lane 19) H20 negative control; (lane 20) BRL 
positive control; (lane 21)molecular weight markers. 

FIGURE 2 RT-PCR of a single CD34 + KGIA 
cell over a background of CD34- HL60 cells. 
(Lane 1) Molecular weight markers (HaeIII di- 
gest of pBR322); (lanes 2,3) RT-PCR of 1 KG1A 
cell in the presence of 100,000 HL60 ceils; 
(lanes 4,5) RT-PCR of 1 KGIA cell and 75,000 
HL60 cells; (lanes 6,7) RT-PCR of 1 KGIA cell 
and 50,000 HL60 cells; (lanes 8,9) RT-PCR of 
1 KGIA cell and 25.,000 HL60 cells; (lanes 
I0,11) RT-PCR of 1 KG1A cell and 10,000 
HL60 cells; (lane 12) RT-PCR of purified 
KG1A RNA; (lane 13) RT-PCR of 100,000 HL60 
cells; (lane 14) H20; (lane 15)BRL control; 
(lane 16)molecular weight size markers. 

1 x 106 HL60 cells was made, giving a ra- 
tio of 1 KGIA cell per 10,000 HL60 cells. 
We then aliquoted 1,000, 5,000, 10,000, 
20,000, and 50,000 total cells into 10 rep- 
licate wells at each concentration.  A pos- 
itive well must  contain at least one target 
KGIA cell. Figure 3 shows the PCR results 
from this replicate di lut ion series. On 
the basis of the Poisson distribution, the 
expected number  of positive wells at 
each of the concentrations should be 
1/10 at 1,000 cells per well, 4/10 at 5,000 
cells per well, 6/10 at 10,000, 9/10 at 
20,000, and 10/10 at 50,000. As can be 
seen in Figure 4, the observed n u m b e r  of 
positive wells at each concentrat ion of 
cells is in very close agreement  to the  
expected values. Using the values gener- 
ated in this example, equation 5 yields 
the following: 

f - _  

3 + 7 + 9 + 1 0  

8 6 0 , 0 0 0 -  (765,000/2) 

= 6.1 x 10 -s 

The value de termined for f corresponds 
to a 1:I6,400 di lut ion of target to non-  
target ceils, which  is close to the 
1:10,000 di lut ion that was set up  for this 
mixing experiment.  

mRNA in Stem Cells 

Having validated the assay in a model  
system, we set out to quanti tate the lev- 
ets of  CD34 + ceils in peripheral blood 
before and after purification by immu. 
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FIGURE 3 RT-PCR analysis of CD34 mRNA in a mixed cell population containing a ratio of 1 
CD34 § KGIA cell per 10,000 HL60 cells (CD34-). Ten-well replicates at each of the five concen- 
trations of cells indicated were amplified by RT-PCR for the CD34 mRNA. Molecular weight size 
markers shown in the left-most lane of each row were HaeIII digested pBR322. Cells per well: 
(Lanes 1-10) 50,000; (lanes 11-20) 20,000; (lanes 21-30) 10,000; (lanes 31-40) 5,000; (lanes 
41-50) 1,000. 

noaffinity chromatography of the CD34 
fraction. The experimental  design was as 
follows: the mononuc lea r  fraction from 
20 ml of adult h u m a n  peripheral blood 
was isolated from a Ficoll gradient, he- 
molysed, and counted on a hemocytom- 
eter. Prior to CD34 selection, a small 
amount  of the starting material was ali- 
quoted into a total of 30 wells: 10 wells at 
100,000, 10,000, and 1000 cells per well. 
The remaining 23• 106 cells were then  
stained with a biot inylated CD34 anti- 
body and passed over an avidin immu- 

noaffini ty column. The adsorbed, 
CD34 § fraction was eluted from the col- 
u m n  and counted. The adsorbed fraction 
contained 63,000 cells, or 0.27% of the 
starting material, and a port ion of it was 
placed in 10 wells each of 100, 10, and 1 
cell(s) per well. RT-PCR was performed 
on all 60 wells, and the results are shown 
in Figure 5. In the starting material, four 
wells are positive in the 10 lanes at 10 s 
cells/well, with the remaining dilutions 
being completely negative. In the CD34- 
enriched, adsorbed fraction there were 

# Positive 
Wells 

10 

9 

8 

7 

6 

5 

4 

3 

2 

'I O, 
0 

~e== Predicted 

- ~  Observed 

[ i I I I 

; i i i s 

Cells/Well  
x l O  4 

FIGURE 4 Comparison of the theoretical number of positive wells expected vs. the actual values 
obtained in Fig. 3 for RT-PCR amplification of various numbers of cells containing a ratio of 1 
CD34 + cell per 10,000 CD34- cells. 

10 of 10 positive wells at the 100 cells per 
well level, 6 of 10 positive wells at the 10 
cells per well level, and 2 of 10 positive 
wells at the 1 cell per well level. This 
demonstrates a very clear enr ichment  of 
cells conta ining the CD34 mRNA in the 
adsorbed fraction. To quanti tate the de- 
gree of enr ichment  achieved, the values 
for the number  of positive wells were en- 
tered into equat ion 5. The calculated 
value for the frequency of cells contain- 
ing CD34 mRNA in the starting material 
was 4.4• -6 , or 1/227,000 while the 
frequency of cells conta in ing  CD34 
mRNA in the adsorbed fraction was 
0.031, or 1/32 cells, demonst ra t ing  a 
7000-fold enr ichment  of cells contain- 
ing the CD34 mRNA. 

A port ion of the adsorbed material 
was restained with a fluorescent CD34 
ant ibody and analyzed by FACS for sur- 
face CD34 expression. The percent  of 
cells in the adsorbed fraction expressing 
CD34 on their  surface as judged by flu- 
orescent ant ibody staining was 9.6%, a 
much higher level than  the 3.1% deter- 
mined above by the RT-PCR assay. This 
indicated that  a sizable percent of the se- 
lected cells that  had the CD34 protein on 
their surface lacked detectable levels of 
the CD34 mRNA. To confirm this find- 
ing, we examined CD34 § cells from 
both  blood and bone  marrow after a 
two-step positive selection for CD34 + 
cells consisting of av id in-b io t in  immu- 
noaffini ty chromotagraphy followed by 
flow cytometric sorting. This two-step 
purification yields a final CD34 § popu- 
lation of >90% purity. The experimental  
design was as follows: adult h u m a n  bone  
marrow and peripheral blood were pro- 
cessed and run over a CD34 immunoaf-  
finity co lumn as described previously. 
The CD34 § adsorbed fractions were res- 
tained with a fluorescent-labeled CD34 
ant ibody and flow sorted for CD34 + 
cells. After the double selection, the 
CD34 + cells from marrow and blood 
were plated in PCR wells at concentra- 
tions of 10, 1, and 0.1 cell(s) per well, 
with 10 wells at each concentrat ion,  for a 
total of 60 wells, and RT-PCR was per- 
formed. The results of this PCR, shown 
in Figure 6, were that  at the 10 cells per 
well level, 9 of 10 wells were positive in 
both  marrow and blood; at the 1 cell per 
well level, 5 of 10 wells were positive for 
marrow and 4 of 10 were positive for 
blood; and at the 0.1 cell per well level, 
one well was positive in both  sources. 
Using equat ion 5, 23% of CD34 + cells 
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FIGURE 5 RT-PCR analysis of CD34 mRNA in human peripheral blood mononuclear cells before 
and after immunoaffinity enrichment of CD34 § cells. Ten-well replicates at each of the three 
concentrations of cells indicated were amplified for the CD34 mRNA by RT-PCR. (Lanes 1-30) 
Unfractionated blood (Start); (lanes 31-60) the CD34-enriched, adsorbed fraction of the immu- 
noaffinity column (Ads). The molecular weight markers shown in the/eft-most lane of each row 
were HaeIII-digested pBR322. (Lanes 1-10) 10 s Start; (lanes 11-20) 104 Start; (lanes 21-30) 103 
Start; (lanes 31-40) 102 Ads; (lanes 41-50) 10 Ads; (lanes 51-60) 1 Ads; (lane 61) BRL control; 
(lane 62) KG1A mRNA control; (lane 63) H20 control. 

containing the CD34 mRNA were from 
marrow and 22% from blood. 

This demonstrates that  in both  bone 
marrow and blood a sizable percentage 
of CD34 § cells have the CD34 protein 
on their surface but  lack detectable 
CD34 mRNA. This p h e n o m e n o n  might  
be related to the temporal  pathway from 
stem cells to the many  lineages of the 
hematopoiet ic  system. To determine 

whether  this was the case, we preen- 
riched the CD34 § fraction from bone 
marrow on the CellPro avidin-biot in  
co lumn and followed that  by a double 
sort for CD34 + cells and HI_A-DR + and 
HLA-DR- cells. The most primitive stem 
cells, making up ~5% of the total 
CD34 § population,  do not  express HLA- 
DR. (19~ The sort windows for this exper- 
iment  are shown in Figure 7. The num- 

FIGURE 6 RT-PCR analysis of CD34 mRNA in human peripheral blood [(lanes 1-10) 10 cells/well; 
(lanes 11-20) 1 cell/well; (lanes 21-30) 0.1 cell/well] and in bone marrow [(lanes 31-40) 10 
cells/well; (lanes 41-50) 1 cell/well; (lanes 51-60) O. 1 cell/well] after two enrichment steps. CD34 
cells from blood and marrow were purified by immunaffinity column enrichment followed by 
fluoresence cell sorting. Ten-well replicates at each of the three concentrations of cells indicated 
were analyzed from each selection. The molecular weight markers shown in the left-most lane of 
each row were HaelII-digested pBR322. 

ber of cells sorted for each fraction were 
10,129 CD34+/DR - cells and 326,593 
CD34+/DR + cells. These fractions were 
diluted in PBS and plated in PCR wells at 
the following concentrat ions,  with eight 
wells per concentrat ion:  2 cells per well, 
1 cell per well, and 0.5 cell per well. RT- 
PCR was performed on all 48 wells. As 
seen in Figure 8, the CD34+/DR - frac- 
t ion signal was observed in seven of 
eight wells in the 2-cell replicates, in 
seven of eight wells in the 1-cell repli- 
cates, and in four of eight wells in the 
0.5-cell replicates. In the CD34+/DR - 
fraction, signal was observed in seven of 
eight wells in the 2-cell replicates, in 
four of eight wells in the 1-cell replicates, 
and in none  of the 0.5-cell replicates. Us- 
ing equat ion 5, the values obtained were 
1.09 for the CD34+/DR - cells and 0.58 
for the CD34+/DR + cells. 

DISCUSSION 

The identif ication of subpopulat ions of 
cells by the presence of specific mRNAs 
is impor tant  for detecting and quantitat- 
ing rare cells present in mixed cell pop- 
ulations. The me thod  described in this 
paper has the ability to estimate frequen- 
cies of I target cell per 1,000,000 nontar-  
get cells. This method  can be easily ap- 
plied to quanti tate rare cell types that  
exhibit a difference in their  RNA or DNA 
sequence from the majori ty cell type. 
This technique allows one to follow the 
levels of a rare cell type during manipu-  
lations either to purge or purify that  cell 
type when the starting or ending levels 
of the target popula t ion  fall below levels 
that  other techniques, such as flow cy- 
tometry, Southern blot  analysis, or vi- 
sual inspection, can be used. This 
method  also requires the sacrifice of very 
few cells to obtain est imation of the tar- 
get cell type. In the first example given 
above of the isolation of CD34 § cells 
from peripheral blood, 1,110 cells were 
used from the 63,000 obtained in the ad- 
sorbed CD34 + fraction, or 1.7%, leaving 
the remaining material available for 
other  analysis or uses. 

This work demonstrates that  many  of 
the cells found in adult blood or bone  
marrow with CD34 on their  surface no 
longer conta in  detectable levels of CD34 
mRNA. By comparing DR + and DR- 
subpopulations of CD34 + stem cells, we 
have shown that  the more primitive 
DR- fraction contains a higher  ratio of 
CD34 mRNA to surface protein expres- 
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FIGURE 7 Sort windows and reanalysis after a CD34 column enrichment followed by a CD34/DR double sort. CD34 § cells from bone marrow were 
enriched by immunoaffinity column purification and then restained with PE-labeled anti-CD34 and FITC-labeled anti-HLADR. (A) Sort windows for 
the CD34 cells after immunoaffinity enrichment. Window C contains CD34 +/DR- cells; window D contains CD34 +/DR + cells. (B) Reanalysis of 
the CD34+/DR - sorted cells from A. (C) Reanalysis of the CD34+/DR + sorted cells from A. 

sion. This f inding is consistent with the 
hypothesis that  as the stem cell becomes 
committed to various lineages, the 
mRNA for CD34 is el iminated or turns 
over before the CD34 protein. It is likely 
that the more primitive CD34+/DR - 
cells are resting stem cells, which con- 
tain the CD34 mRNA and cont inual ly  re- 
plenish the CD34 protein on their outer 
membrane,  whereas the CD34+/DR + 
cells represent the current wave of pro- 
genitors that  have recently become com- 
mitted to various lineages, are in the pro- 
cess of losing their  CD34 protein, and 
have already begun to lose the mRNA for 
CD34. By comparison, in cells selected in 
an identical two-step procedure for 

CD20, which is a mature B-cell marker, 
there was a direct one-to-one correlation 
with CD20 surface expression and de- 
tectable levels of the CD20 mRNA in ev- 
ery CD20 § cell (data not  shown). 

The messages that  we have amplified 
successfully from whole cells include 
those for CD20, CD34, CD44, the estro- 
gen receptor, mucin, and Neu/Her-2. We 
were surprised at first that  RT-PCR was 
possible on whole cells, owing to the 
presumed presence of RNases in any cell 
lysate. It is possible that  the initial 5-min 
heat denaturat ion at 95 ~ denatures cellu- 
lar RNases sufficiently to prevent the ex- 
posed cellular RNA from being degraded 
during the subsequent RT step. It is also 

FIGURE 8 RT-PCR analysis of CD34 mRNA from the cells sorted in Fig. 7. Eight-well replicates at 
each of the three concentrations of cells indicated were amplified for the CD34 mRNA by RT- 
PCR. (Lanes 1-24) CD34+/DR + cells from window C in Fig. 7B', (lanes 25-48) CD34+/DR + cells 
from window D in Fig. 7C. The molecular weight markers shown in the/eft-most lane of each row 
were HaelII-digested pBR322. [Cells per well: (Lanes 1-8) DR-, 2; (lanes 9-16) DR-, 1; (lanes 
17-24) DR-, 0.5; (lanes 25-32) DR + , 2; (lanes 33-40) DR + , 1; (lanes 41-48) DR + , 0.5.] 

possible that  the requirement  for nested 
amplification may overcome moderate 
levels of RNA degradation that  may oc- 
cur. It may be that  some messages exist 
in cells at such low levels that  they 
would be difficult to detect reliably at 
the single cell level. In this regard, one 
problem we have experienced is that  if 
multiple splice variants of a target mRNA 
exist, which can all be amplified by a set 
of primers, one may have such heteroge- 
neity of product  sizes that  no final single 
product is made in quantities sufficient 
to be detectable on an e thd ium bromide- 
stained gel. Also, owing to the inhib i t ion  
of PCR by hemoglobin ,  it is very impor- 
tant  to remove all heme from the prep- 
aration of cells from blood before at- 
tempting to amplify them by whole cell 
RT-PCR. To overcome this inhibi t ion,  
we routinely use Ficoll followed by he- 
molysis with a m o n i u m  chloride to re- 
move the red blood cells. 

The variability inheren t  in the man- 
ual di lut ion of cells can be a l imit  to the 
accuracy of this method,  a l though the 
use of manual  dilutions simplifies the 
performance of this assay. Use of a cell 
sorter to distribute exact numbers  of 
cells obviously improves the accuracy of 
the values derived from this assay. Al- 
though  error rates when depositing very 
small numbers  of cells per well may be 
large, it is impor tant  to keep in mind  
that  in the case of a rare cell type present 
in an abundance of nontarget  cells, the 
number  of cells per well should be rela- 
tively high, which should minimize this 
type of sampling error. 
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The use of statistical analysis in  the  
genera t ion  of the  target  cell value is an  
impor t an t  part  of  this me thod .  As the  
variables in equa t ion  5 indicate,  this as- 
say can be per formed wi th  wide ranges 
of total  n u m b e r  of  wells, n u m b e r  of cells 
in each well, n u m b e r  of d i lu t ions  used, 
and the range over wh ich  those  d i lu t ions  
extend. The mos t  accurate statistical es- 
t imate for the fract ion of target cells con- 
ta ined in the start ing p o p u l a t i o n  can be 
obta ined  by op t imiz ing  the  n u m b e r  of 
dilutions,  the  n u m b e r  of replicates done  
at each di lut ion,  and  the  range of con- 
centrat ions  over wh ich  the  d i lu t ions  are 
performed.  W h e n  the  target cell fre- 
quency  is u n k n o w n  in the  s tar t ing cell 
popula t ion ,  it is best to sample a few 
wells at a wide range of d i lu t ions  and  
then  narrow in on  a c i rcumscr ibed range 
of d i lu t ions  where  there  will be a mix- 
ture of posit ive and  negat ive  wells. 

The abil i ty to per form RT-PCR on  
cells directly, wi th  no  RNA extract ion re- 
quired, saves a great deal of  t ime as well 
as min imizes  possible loss of mater ia l  
dur ing extract ion procedures.  In previ- 
ous methods ,  w h e n  PCR has been  per- 
formed on  nucle ic  acid extracted f rom a 
large start ing popula t ion ,  a small  num-  
ber of cells wi th  a h igh  level of  target 
nucleic acid will be ind is t inguishable  
from a larger n u m b e r  of cells con t a in ing  
low levels of the  target  nucleic  acid. By 
applying the  me thods  described in this 
paper, the  actual n u m b e r  of target  cells 
and no t  the average a m o u n t  of target  nu- 
cleic acid relative to the  ent i re  popula-  
t ion  can be obta ined.  Finally, this 
m e t h o d  allows q u a n t i t a t i o n  of rare cell 
types, such as t u m o r  cells, w h e n  they  are 
below levels at  wh ich  cur ren t ly  available 
me thods  are quant i ta t ive.  
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