
12. D. Lilley, Nature 320, 14 (1986); C.-K. J. Shen and 
W.-S. Hu, Proc. Natl. Acad. Sci. U . S . A .  83, 164 
(1986); R. R. Sinden and T. J. Kochel, Biochemistry 
26, 1343 (1987); J. B. Bliska and N. R. Cozzarelli, 
J. Mol. Biol. 194, 205 (1987). 

13. A. J. Courey and J. C. Wang, Cell 33, 817 (1983); 
M. Gellert et at., Proc. Natl. Acad. Sci. U . S . A .  80, 
5545 (1983); R. R. Sinden et at., ibid., p. 1797. 

14. I. Panyutin, V. Lyamichev, S. Mirkin, J. Biomol. 
Stvuct. Dyn. 6 ,  1221 (1985); D. B. Haniford and D. 
E. Pulleyblank, Nucleic Acids Res, 13, 4343 (1985). 

15. N. Panayotatos and A. Fontaine, J. Biol. Chem. 262, 
11364 (1987). 

16. E. Orr et al., Mot. Gen. Genet. 177, 103 (1979). 
17. D. Lockshon and D. Morris, Nucleic Acids Res. 11, 

18. R ~ i n z e l  k d  M. Gellert, Proc. Natl Acad. Scr. 
U . S . A .  84, 4185 (1987). 

19. U. R. Miiller and W. M. Fitch, Nature 298, 582 
(1982). 

20. R. D. Wells, J. Biol. Chem. 263, 1095 (1988). 
21. R. Menzel and M. Gellert, Cell 34, 105 (1983); R. 

J. Thompson and G. Mosig, ibid. 48,281 (1987); C. 
F. Higgins et at., ibid. 52, 569 (1988); M. J .  Axley 
and T. C. Stadunan, Proc. Natl. Acad. Sci. U . S .  A .  
85, 1023 (1988). 

22. M. S. Z. Honvitz and L. A. Loeb, Proc. Natl. Acad. 
Sci. U . S . A .  83, 7405 (1986); J. Biol. Chem., in 
press. 

23. S. L. McKnight et al., Cell 25, 385 (1981). 

24. C. K. Singleton and R. D. Wells, Anal. Biochem. 
122, 253 (1982). 

25. J. Brosius et al., J. Biol. Chem. 257, 9205 (1982). 
26. R. R. Burgess and J. J. Jendrisak, Biochemistv 14, 

4634 (1975); P. A. Lowe, D. A. Hager, R. R. 
Burgess, ibid. 18, 1244 (1979). 

27. Y. Ebina and A. Nakazawa, J. Biol. Chem. 258, 
7072 (1983). 

28. We thank A. Blank and R. Burgess for providing 
RNA polymerase, D. Morris for strains, and G. 
Smith and H.  Weinuuab for comments on the 
manuscript. Supported by NIH and the University 
of Washington Medical Scientist Training Program. 

21 March 1988; accepted 2 June 1988 

Breast Cancer-Associated pS2 Protein: Synthesis and 
Secretion by Normal Stomach Mucosa 

M. C. RIO, J. P. BELLOCQ, J. Y. DANIEL, C. TOMASETTO, R. LATHE, 
M. P. CHENARD, A. BATZENSCHLAGER, P. CHAMBON* 

The human pS2 gene is specifically expressed under estrogen transcriptional control in 
a subclass of estrogen receptor-containing human breast cancer cells. The pS2 gene 
encodes an 84-amino acid protein that is secreted after signal peptide cleavage. The 
distribution of pS2 protein in normal human tissues was studied with antibodies to 
pS2; pS2 was specifically expressed and secreted by mucosa cells of the normal stomach 
antrum and body of both female and male individuals. Moreover, no estrogen receptor 
could be detected in these cells, indicating that pS2 gene expression is estrogen- 
independent in the stomach. The finction of the pS2 protein in the gastrointestinal 
tract is unknown. However, the pS2 protein is similar in sequence to a porcine 
pancreatic protein that has been shown to inhibit gastrointestinal motility and gastric 
secretion. 

T HE HUMAN P S ~  GENE WAS DISCOV- 

ered by differential screening of a 
cDNA library from breast cancer 

cells (MCF-7) grown in the presence of 
estrogen (1). Estrogen induction of pS2 
 MA synthesis corresponds to a primary 
transcriptional event ( 2 ) ,  and the single- 
copy pS2 gene (3) encodes a cysteine-rich 
8G&ino acid polypeptide bearing charac- 
teristics of a secreted protein (4). Secretion 
of pS2 from MCF-7 cells was demonstrated 
bymeans of polyclonal antibodies directed 
against a synthetic peptide that corresponds 
to the carboxyl terminal half of the cDNA- 
deduced amho acid sequence (5). These 
antibodies and RNA blotting analysis have 
been used to show that the pS2 gene is 
specifically expressed in a subclass of estro- 
gen receptor (ER)-containing breast can- 
cers, and a preliminary survey of normal and 
tumoral human tissues and cells indicated 
that this expression was restricted to some 
primary breast cancers and their lymph node 
metastases (6). 

Paraffin-embedded sections of endoscopic 
biousies of normal stomach antrum and 
body were reacted with rabbit polyclonal 
antibodies directed against a synthetic pep- 
tide corresponding to the last 31 amino 

acids of pS2 (5, 6) and stained with a 
peroxidase-labeled second antibody. Materi- 
al cross-reactive to pS2 was detected in 
mucosa cells of the superficial epithelium 
and crypts of both antrum (Fig. lD, left 
side) and body (not shown) of the stomach. 
No staining was observed in body glands. 
Staining was specific for pS2, as it was 
suppressed by the presence of the synthetic 
peptide used to raise the antibodies (Fig. 
1E). Similar results were obtained with a 
monoclonal antibody directed against a syn- 
thetic peptide corresponding to the last 28 
amino acids of the pS2 protein. The corre- 
sponding staining of pS2 protein-positive 
cells of a ductal breast carcinoma is shown 
for comparison (Fig. 1, A and B). As in 
breast tumor cells (6), pS2 staining in stom- 
ach mucosa cells was predominantly cyto- 
plasmic with an uneven distribution and 
often a perinuclear localization (Fig. lD, 
right side), which may correspond to the 
Golgi apparatus. The pS2-specific staining 
was observed in both male and female stom- 
ach mucosa. However, no significant stain- 
ing was observed in a variety of normal 
human specimens (colon, esophagus, gall- 
bladder, pancreas, liver, thyroid and para- 
thyroid glands, skin, lymph nodes, lung, 

brain, bladder, prostate, kidney, adrenal 
gland, testis, placenta, endometrium, ovary, 
and pituitary gland). Weak staining was 
observed in salivary glands. 

When monoclonal antibodies directed 
against the human ER were used, the pres- 
ence of nuclear ER was readily revealed in 
frozen sections of pS2 protein-positive 
breast carcinoma (6) (Fig. 1C). In marked 
contrast, no ER could be detected in frozen 
sections of stomach mucosa (Fig. 1F). 

These results suggest that pS2 protein is 
synthesized by stomach mucosa cells and 
could be secreted into the gastric 
fluid. Portions of stomach fluid obtained 
from fasting male and female individuals 
were acetone-precipitated, separated by 
polyacrylamide gel electrophoresis, trans- 
ferred to nitrocellulose, and reacted with the 
monoclonal antibody to pS2. In all cases 
immunoreactive material with an apparent 
size of approximately 7 kD, similar to that of 
the breast cancer pS2 protein (4, was readi- 
ly revealed (Fig. 2, lanes 1 and 2). The 
presence of the synthetic peptide used for 
generating the monoclonal antibody elimi- 
nated staining (Fig. 2, lanes 3 and 4). The 
migration o f  the hresumptive pS2 protein 
present in stomach fluid was then directly 
compared after extensive purification with 
that of p ~ 2  protein purified from the culture 
medium of the breast cancer cell line MCF- 
7. Both proteins migrated identically and 
reacted similarly with the monoclonal anti- 
body (Fig. 2, lanes 5 and 6, MCF-7 and 
gastric pS2 proteins, respectively). When 
pure pS2 protein prepared from MCF-7 cell 
culture medium was used as a standard, an 
average of 70 ng of pS2 protein per milliliter 
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of gastric fluid was found (six samples were 
analyzed, and the limit values were 30 and 
100 ng/ml). 

To cob the conclusion that the same 
pS2 protein is synthesized stomach muco- 
sa cells and in estrogen-dependent breast 
carcinoma cells, the structure of stomach 
pS2 mRNA was investigated by means of 
specific probes derived from the previously 
cloned pS2 cDNA (4, 6) and pS2 gene (3). 
Total RNA extracted from stomach antrum 
specimens was first analyzed by RNA blot- 
ting with a nick-translated pS2 cDNA probe 
and the 36B4 cDNA probe, which corre- 
sponds to a ubiquitous human mRNA (1, 
6). In all cases an RNA comigrating with 
the pS2 mRNA present in MCF-7 cells, 
approximately 600 nucleotides (nt) in 
length, was detected (Fig. 3d). The relative 
amount of pS2 mRNA was at least as high, 
if not higher, in stomach antrum as in MCF- 
7 cells cultured in the presence of estradiol. 
The fine structure of the stomach pS2 
rnRNA was then wmpared with that of its 
MCF-7 wunterpart by means of three over- 

lapping antisense RNA probes (Fig. 3a). 
Probe A is approximately 720 nt in length 
and contains the sequence corresponding to 
exon 1 of the pS2 gene, whereas probe B 
(207 nt) wrresponds to the remaining part 
of the pS2 coding region; probe C encom- 
passes all three pS2 exons except the last 10 
bp of the exon 3 untranslated region. In all 
three cases, the same protected bands were 
observed by using either 10 kg of total 
stomach RNA or 30 pg of estrogen-treated 
MCF-7 cell RNA (Fig. 3, b and c). More- 
over, the size of the protected bands was as 
expected fiom the DNA sequence of the 
pS2 gene and no unexpected bands were 
seen, indicating that not only the length, but 
also the sequence, of the pS2 mRNA is the 
same in MCF-7 and stomach mucosa cells. 
Thus, the primary transcript of the single- 
wpy pS2 gene appears to be identically 
spliced in these two cell types, yielding the 
same mRNA and presumably the same pro- 
tein. That the same protein is secreted in the 
stomach and in the culture medium of 
MCF-7 cells has been confinned by amino 

Flg. 1. Indirect immunoperoxidase staining of the pS2 protein in paraftin d o n s  and of ER in fnnen 
sections of stomach antrum mucosa and breast cancer. (A) The vS2-wsiave tumor cells of a breast 
ductal carcinoma. (B) Disappearance of pS2 staining whh'a sectibn s h a r  to that shown in (A) was 
stained in the pnxnce of pS2 pepade (15 ng/ml) used to raise the antibodies. (C) ER-positive tumor 
cells in frozen sections of the same ductal carcinoma. (D) The pS2-positive cells in normal stomach 
anmun. (Ldt panel) In this section, which indudes the whole thickness of the muma, cdls of the 
supCrScial epithelium are heavily stained, whereas crypt mucous cells are more imgplarly stained; (right 
panel) a higher magni6cation, showing that staining is uneven and often perinudear (arrow). (E) Same 
material as in (D) stained in the presence of the pS2 peptide used to raise the antibodies. (F) A fnnen 
section of the sam material as in (D) was stained with the same ER monodonal antibodies used (C); 
no ER-positive cells could be detected. All immunoreactions and peroxidase staining (peroxidase- 
antipxidase) were as described in (6). Magnhcations: (A and B) x 500, (C and F) ~ 3 0 0 ,  (D) x 125 
(left) and x700 (right), and (E) ~ 7 0 0 .  

acid sequencing of the pS2 proteins purified 
from either source (7). 

The present results demonstrate that the 
same pS2 protein whose synthesis is specifi- 
cally induced by estrogens in a subclass of 
breast cancer cells is also secreted in normal 
stomach mucosa cells of both males and 
females. A previous (4), as well as a more 
recent, search in the protein sequence data- 
bases indicates that the pS2 protein is a new 
protein with no significant homology with 
any other known & h a n  protein. ~ o k e r ,  
the second search revealed an interesting 
similarity between the sequence of the pS2 
protein &d that of a secrked porcine pan- 
aeatic protein, pancreatic spasmolytic +Iy- 
peptide (PSP) (8-1 1) (Fig. 4). The same 
similarity has been noted by Masiakowski 

Compet - 
l r  

I0 
I0 

1 2  3 - t  d u 

Flg. 2 Presence of pS2 immunoreactive m a d  
in gamic fluid. 'Iko rtions of stomach fluid 
obtained from either a f%mg male (lanes 1 and 3) 
or a fasting female (lanes 2 and 4) individual were 
neuaalizcd with bicarbonate buffer, pH 9.6, and 
acetone-precipitated overnight at -20%. After 
dissolution of the pellet in electrophoresis sample 
buffer, aliquots corresponding to 0.4 rnl of gastric 
fluid were separated by electrophoresis on an 18% 
SDS-polyacrylamide gel (SDS-PAGE) and elec- 
troblotted to nitrocellulose. Aficr preincubation 
fbr 30 min in phosphate-buffered saline (PBS), 
pH 7.2, containing 3% bovine serum albumin at 
mom temperature, proteins were reacted over- 
night at 4OC with a mouse monodonal antibody 
(7) directed against a synthetic peptide corre- 
sponding to the last 28 amino acids of the pS2 
protein (5, 6). After washing with PBS, pH 7.4, 
containing 0.1% Triton, the filter was reacted 
with a goat antiserum to mouse immunoglobulin 
G conjugated with peroxidase. After washing as 
above, the pS2 immunoreactive material was re- 
vealed by staining with dianisidine in the presence 
of H202. In lanes 3 and 4, the immunoreaction 
was carried out in the presence of the synthetic 
peptide used for raisiig the monodonal antibody 
(-30 ng/ml). The acetone-precipitated protein 
was also purified from the culture medium of 
MCF-7 cells grown in the presence of estradiol 
(lane 5) or from stomach fluid (lane 6), by means 
of two high-performance liquid chromatography 
steps (G3000 sizing chromatography followed by 
RP300 hydrophobic chromatography). In both 
cam, aliquots of approximately 20 ng of purified 
pS2 were analyzed by protein immunoblotting as 
described above. Abbreviations: M, molecular 
size markers (in daltons); and ST, stomach sam- 
ple. 
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(12) and by Thirn (13a) and Baker (13b). 
There is a significant homology between the 
sequence of the pS2 protein starting at 
amino acid 3 1 and ending at its carboxyl end 
(amino acid 84) and the two homologous 
domains of PSP (Fig. 4). In pS2 protein the 
homologous region is encoded entirely by 
exon 2 and it appears therefore that the 
present-day PSP gene may have evolved by 
duplication h m  a pS2-like a n c d r  gene. It 
is unknown whether the human genome 
also contains a counterpart of the porcine 
PSP gene, but no RNA cross-hybridizing 
with the human pS2 cDNA has so far been 

detected in human pancreas and no pS2 
imrnunomctive material was seen in the 
mme organ ( 7)- 

Previous studies have demonstrated that 
pS2 gene expression is under strict estrogen 
control in MCF-7 cells when its induction 
by estradiol is a primary transcriptional 
event (2). Moreover, an estrogen-responsive 
element has been identified upstream of the 
pS2 gene RNA startsite, which can act as an 
'estrogen-in'ducible enhancer on heternlo- 
gous promoter elements in HeLa cells ex- 
pressing the human ER (14). In stomach 
m u m  cells of both males and females, the 

Flg. 3. Characterization of a 
6 2  rnRNA in normal stom- +Exon 1-Exon2 Exon 3- 

Hh an=. (a, b, and c) 
Sch~natic repmentation of 
the antisense RNA probes 
and autoradiograms of ribo- 
nuckase (RNase) mapping 
experiments. Total RNA ex- 
tracted from stomach an- 
tnun spcdmclls and MCF-7 
cells was characmrizad by 
RNax mapping (16, 17) in 
(b) and (c) by using the 
antisense RNA probes rep- 
resented schematically in 
(a). The genornic DNA 
fkagment correspondmg to 
probe A corresponds to  
exon 1 (125 bp) of the pS2 
gene -4 by 90 bp UP- 
saeam of the capsite and 
followed by about 500 bp of 
the first inmn 10.7-kb B3 

--3684 RNA 
2-- 

7-C C1 (I(.-~s~RNA 

- 
to B4 Barn HI bent of m 
dK pS2 gene (3)]. This &ag- 1 2  3 4 

-.I 
" -122 au9-- ment was cloned into the 

Eco RI site of the plylinker -110 

of pBS M13 + (Stramgene). t.4 1 2 

The D N A  (4) f h p e n t  
corresponding to probe B c o ~ d s  to cxon 2 from position 132 to the end and indudes the 6rst 27 
bases of exon 3. This f h p e n t  was inserted bawecn the Sma I-Pst I sites of pGEh4l (Promega Biotec). 
Probe C corresponds to the complete amino acid a h g  sequence of the pS2 CDNA (bases 41  to 292) 
and most of the 3'-untranslatcd region (4); this ent was cloned between the Eco RI-Bun HI sites 
of pGEM1. Antisense RNA probes were prepared % m the linearized plasmids by using [~-~~P]cytidine 
5'-tr$hosphate and either SP6 (probes B and C) or T7 (probe A) RNA polymeram, according to the 
suppltm of pBS M13+ and pGEM1. Dotted lines in probes B and C represent the sequences of the 
vector aansaibcd together with the antisense RNA. Hybridization and RNase mapping were carried 
out (16, 17) by using 8% (b) or 4% (c) polyacrylamide-urea sequencing gels. Thc autoradtograms in (b) 
(c) correspond to the RNase mapping of the following RNA. Lanes 1,3, and 5: 30 pg of total MCF-7 
cdl RNA; and lanes 2,4, and 6: 10 pg of total RNA from normal stomach antrum (SF, samples from 
nine individuals were pooled). M indicates 5' end-labeled Msp I h p e n t s  of pBR322. (d) RNA blot 
analysis of total RNA (as indicated) from n o d  ST (lanes 1 and 2 correspond to two d8-t 
individuals) or MCF-7 cdls grown in the presence of estradiol by using the diazobenzyloxymethyl paper 
technique and nick-translated pS2 and 36B4 internal control D N A  probes (6). 

I 60 

~~~PMCRCSRQDP~#R~CGTPGITSD~~~SOCCTDSQVPCVPWCTSPLPAQES--EEC~ PSP 
*. ** ******** ** **m * m*n * * ** 
~T-VAPRERQNCGTPGWPS~GCCTDDTVRGVDWCTTPWTIDWPLECCE~ pS2 

31 *** ***** * ** . *** * *0  ******* ... 04 

?VlURlUDSGYPCICPEDC~CCFSDTIPrvDWCWPUSVtDCH~ 
1c6 

PSP 
61 

5 . 4 .  Comparison ofthe amino acid sequence of the pS2 p&i from amino acids 31 to 84 (4) with 
the complete sequence of the porcine PSP (1 1). The internal duplication of the PSP protein and the 
amino acid homology between the pS2 sequence and those of the two domains of dK PSP protein are 
shown. The stars and the dots indicate amino acid identity and conservative changcs, respectively, 
between the pS2 protein and the two PSP domains. 

pS2 gene is expressed in the absence of this 
receptor (Fig. 1) and at a level apparently 
higher than in MCF-7 cells (Fig. 3). There- 
fore, the promoter region of the pS2 gene 
must be complex with different elements 
being responsible for specific control of 
transcription in breast cancer cells and in 
stomach mucosa cells. 

The function of the pS2 protein in breast 
cancer cells, if any, is unknown. It could 
correspond to a growth factor (4), but this 
hypothesis has not yet been tested. Neither 
pS2 protein nor pS2 mRNA have been 
found in significant amounts in normal 
adult breast tissue of pre- or post-menopaus- 
al women (6), in breast tissue late in preg- 
nancy or during lactation, or in human milk 
(7). Further, although the pS2 gene was 
readily detected in primates and its expres- 
sion demonstrated in their stomach mucosa 
cells, no DNA or RNA sequences cross- 
hybridizing with the pS2 gene or pS2 pro- 
tein immunoreactive material were found in 
mouse or pig stomach and pancreas (7). The 
function of the pS2 protein secreted in 
human stomach is also unknown. Could it 
be a gastric hormone that regulates gastric 
acid secretion, gastrointestinal motility, and 
growth of the gastrointestinal mucosa, or an 
enzyme inhibitor or cofactor? The homolo- 
gy between the pS2 protein and the porcine 
pancreatic protein PSP that inhibits gas- 
intestinal motility and gastric secretion in 
laboratory animals after parented as well as 
oral administration (10, 15) may suggest 
that the pS2 protein could play a similar role 
in humans. Overproduction of the pS2 pro- 
tein in appropriate vectors and hosts will 
permit the physiological function of this 
new human gasaic protein to be investigat- 
ed. 
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Wound Macrophages Express TGF-a and Other Growth 
Factors in Vivo: Analysis by mRNA Phenotyping 

The presence of macrophages is required for the regeneration of many cell types during 
wound healing. Macrophages have been reported to express a wide range of mitogenic 
factors and cytokines, but none of these factors has been shown in vivo to sustain all 
the wound-healing processes. It has been suggested that transforming growth factor- 
a (TGF-a) may mediate angiogenesis, epidermal regrowth, and formation of granula- 
tion tissue in vivo. Macrophages isolated from a wound site, and not exposed to cell 
culture conditions, expressed messenger RNA transcripts for TGE-a, TGE-P, platelet- 
derived growth factor A-chain, and insulin-like growth factor-1. The expression of 
these transcripts was determined by a novel method for RNA analysis in which low 
numbers of mouse macrophages were isolated from wound cylinders, their RNA was 
purified and reverse-transcribed, and the complementary DNA was amplified in a 
polymerase chain reaction primed with growth factor sequence-specific primers. This 
single-cell RNA phenotyping procedure is rapid and has the potential for quantifica- 
tion, and mRNA transcripts from a single cell or a few cells can be unambiguously 
demonstrated, with the simultaneous analysis of several mRNA species. Macrophages 
from wounds expressed TGF-a antigen, and wound fluids contained TGF-a. Elicited 
macrophages in culture also expressed TGF-a transcripts and polypeptide in a time- 
dependent manner after stimulation with modified low-density lipoproteins and 
lipopolysaccharide endotoxin, which are characteristic of the activators found in 
injured tissues. 

W HEN TISSUES ARE DAMAGED, A 

complicated process of healing 
takes place, the result of which is 

the replacement of dead tissue and fibrin 
with a scar. Macrophages are central to the 
wound-healing response, which requires the 
proliferation and migration of several regen- 
erating cell types (1). In addition to debride- 
ment by macrophages, there is ah ingrowth 
of blood vessels from the surrounding con- 
nective tissue, the proliferation of fibroblasts 
(which produce collagen), and the rapid 
proliferation and migration of epithelial cells 
over the broken surface. Ablation of macro- 
phages slows the wound-healing response 
(2). Previously characterized mitogenic fac- 
tors derived from macrophages in culture 
include interleukin- 1 (IL-l), platelet-de- 
rived growth factor (PDGF), basic fibro- 
blast growth factor (FGF), colony-stimulat- 
ing factors (for monocytes, M-CSF; for 
granulocytes, G-CSF; and for granulocytes 
and monocytes, GM-CSF), bornbesin, and 
transforming growth factor-fi (TGF-P) (3, 
4). Tumor necrosis factor-a, an inflamma- 
tory mediator produced by macrophages, 
was recently reported to be angiogenic (5 ) ,  

but others have concluded that this effect is 
indirect (6 ) .  Transforming growth factor-a 
(TGF-a) and epidermal growth factor 
(EGF) bind to the EGF receptor with the 
same a h i t y  (7) .  It has recently been report- 
ed that TGF-a or EGF acts through a direct, 
noninflammatory mode to direct the 
wound-healing processes in vivo (8). 
Wound fluid, conditioned by macrophages 
and other cells in vivo, is a rich source of 
mitogenic and angiogenic activity (9). It is 
not, however, clear which growth factors are 
actually expressed in vivo, and whether the 
macrophages recruited to these sites are the 
source of these polypeptides. We undertook 
a study to determine whether wound macro- 
phages express growth factors in vivo. 

To test our hypothesis, we developed a 
method for assaying the transcriptional phe- 
notype of small numbers of cells or small 
amounts of mRNA. This method is superior 
in ease, speed, sensitivity, and resolution to 
RNA analysis by in situ hybridization, RNA 
blot analysis, and the nuclease protection 
assay for the study of short-lived, low copy 
number mRNA transcripts. It can be per- 
formed in 1 to 2 days from cell to analysis. 

The method consists of a microprocedure 
for isolating RNA from one to a few thou- " 
sand cells, followed by two coupled enzy- 
matic steps (10, 11). The whole cellular 
RNA is first reverse-transcribed, and then 
cDNA subfragments are amplified by specif- 
ically primed polymerase chain reactions. 
Each specific cDNA subfragment can be 
visualized on agarose gels by ethidium bro- 
mide staining. Since several mRNA species 
can be assayed simultaneously, we call the 
method "single-cell mRNA phenotyping." 

Glass-adherent cells (-1 x 10' to 
2 x lo2 per cylinder, 50 to 80% macro- 
phages) were isolated from subepidermal 
wound cylinders (9) 6 days after implanta- 
tion in mice; the RNA was purified and 
reverse-transcribed, the cDNA was divided, 
and cDNA subfragments were amplified by 
sequence-specific primers (Table 1). Prod- 
ucts of the combined reverse transcription- 
polymerase chain reaction (RT-PCR) were 
fractionated by electrophoresis in agarose, 
stained with ethidium bromide, and validat- 
ed by matching predicted size (Fig. 1A) by 
means of restriction enzyme analysis (Fig. 
1B) or DNA blot analysis (12). The method 
resolves threefold differences in input RNA 
over a range greater than two orders of 
magnitude (Fig. 1C). Therefore, an exoge- 
nous polyadenylated cRNA (copy RNA 
synthesized as a sense strand from a 
pBR322iIL-1 construct plasmid by T 7  poly- 
merase) dilution series can be used as an 
internal standard to quantify endogenous 
mRNA transcripts of low copy number 
(Fig. 1C). With this method we can detect 
p-actin in a single peritoneal macrophage 
(Fig. 1D) and in less than 100 copies of 
cRNA transcripts (1 1). 

We found that the adherent cells isolated 
from wound cylinders contained transcripts 
for TGF-a, TGF-P, PDGF-A, EGF, and 
insulin-like growth factor-1 (IGF-1) (Fig. 
2A). In three of six wound cylinder prepara- 
tions assayed, IL- la  was weakly expressed, 
perhaps owing to variable lipopolysaccha- 
ride endotoxin (LPS) contamination of the 
cylinders. Interleukin-la was readily de- 
monstrable in cultured macrophages stimu- 
lated with LPS (Fig. 1A). Transcripts of 
IGF-1 were also found in the P388D1 
macrophage line (12). We did not, however, 
find EGF transcripts in macrophage cell 
lines or in highly purified cultured macro- 
phages (12), which suggests that EGF was 
the product of a contaminating cell type. In 
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