
hydrogen bonding network may result in 
delocalization of the positive charge on the 
NH,-terminal NH,+, and the removal of 
the hydroxyl group of either Tyr7 or Tyr17' 
could therefore destabilize the complex by 
disrupting this network. Thus, an intact 
hydrogen bonding system may be essential 
to bind an NH,+ in this region. Addition- 
ally, the binding of NH,+ could signal a 
conformational change that would lock the 
peptide nonamer into the site, particularly 
since the tyrosines involved are derived 
from all major structural elements forming 
the cleft (Tyr59 on the a 1  helix, Tyr171 on 
the a2 helix, and Tyr7 on the floor of the 
cleft). In either case, the disruption of the 
hydrogen bonding system would result in a 
large change in binding affinity (measured 
indirectly in this case by the CTL titration 
value), as observed. 

In the atomic model, the hydroxyls of 
Tyr84 and Thr14, are positioned to hydrogen 
bond to the terminal carboxylate group of a 
short peptide, and therefore presumably to 
the last carbonyl group in the binding site of 
a longer peptide (5). The failure of the 
mutations Y84F and T143V to affect CTL 
recognition (Fig. 3) is not an unexpected 
result of the removal of a single hydrogen 
bond and may suggest a role in the mutants 
for water molecules in replacing the hydro- 
gen bonds to the negatively charged peptide 
carboxyl group. Approximately 20 hydrogen 
bonds as well as van der Waals contacts 
involving approximately 80 to 100 atoms in 
20 to 30 MHC side chains serve to bind a 
~ e ~ t i d e  in the cleft of a class I MHC mole- 
cule (9). Thus, the loss of a single hydrogen 
bond should represent a negligible loss in 
binding energy. Lys146 also appears to inter- 
act with the terminal carboxylate. A major 
difference between pockets A and F is the 
presence in the F pocket of the terminal 
NH,+ of to neutralize the terminal 
carboxylate, whereas the A pocket does not 
contain a carboxylate to neutralize the ter- 
minal NH,+ of the nonapeptide directly 
(although a long range salt bridge to Glu6, is 
mediated through Tyr7 and a water mole- 
cule) (9). This difference may also contrib- 
ute to the functional importance of the 
hydrogen bonding network in the A pocket. 

REFERENCES AND NOTES 

1. P. J. Bjorkman et a/., Nature 329, 506 (1987) 
2. , ; b i d . ,  p. 512. 
3. T. Garrett M. A. Saper, P. J. Bjorkman, J. L. 

Strominger, D. C Wiley, ;bid 342, 692 (1989). 
4. M. A Sa~er .  P. J. Biorkman, D. C. Wilev, J. Mol. 

BIOI. 219, 277 (1991j. 
5 D. R. Madden, J. C. Gorga, J. L. Strominger, D. C. 

Wiley, Nature 353, 321 (1 991) 
6. A. J. McMichael, F M. Gotch, J. Santos-Aguado, 

J. L. Strominger, Proc. Natl. Acad. Sci. U.S.A. 85, 
91 94 (1 988). 

7. P. A. Robbins etal., J. Immunol. 143, 4098 (1989). 
8. J. Santos-Aguado, M. Crimmins, S. J. Mentzer, S. 

J. Burakoff, J. L. Strominger, Proc. Natl. Acad. Sci. 
U.S.A. 86, 8936 (1 989). 

9. Crystallographic studies of H-2Kb are by D. Fre- 
mont, E. A. Stura, M. Matsumara, P. A. Peterson, 
and I. A. Wilson, Science 257, 919 (1992); and 
studies of HLA-B27 are by D. Madden, J. Gorga, 
J. L. Strominger, and D. C. Wiley (Cell, In press). 

10. F. Latron et a / .  Proc. Natl. Acad. Sci. U.S.A. 88, 
11325 (1991). 

11 G. M. Van Bleek and S. G. Nathenson, Nature 
348, 21 3 (1 990) 

12. 0. Rotzschke etal., ibid., p. 252. 
13. K. Falk, 0. Rotzsche, S. Stevanovic, G. Jung, 

H.-G. Rammensee, ibid. 351, 290 (1990). 
14. F. Gotch, J. Rothbard, K. Howland, A. Townsend, 

A. J. McMichael, ibid. 326, 653 (1987). 

15. M. A. Bednarek et a / ,  J. Immunol. 147, 4047 (1 991). 
16. J. Morrison etal., Eur. J. Immunol. 22, 903 (1992). 
17. H. C. Bodmer, F. M. Gotch, A. J. McMichael, 

Nature 337, 653 (1 989) 
18. J. Brown et a/., ibid. 332, 845 (1 988). 
19. V. Cerundolo et a/., Eur. J. Immunol. 21, 2069 

(1991). 
20. A. R. Fersht et a/., Nature 314, 235 (1985). 
21. We thank D. Wiley, D. Madden, and I. Wilson for 

many helpful discussions. Supported by grants 
from the National Institutes of Health, CA 47554 
and Al 201 82. 

4 May 1992; accepted 23 July 1992 

Differential Display of Eukaryotic Messenger RNA 
by Means of the Polymerase Chain Reaction 

Peng Liang* and Arthur B. Pardee 

Effective methods are needed to identify and isolate those genes that are differentially 
expressed in various cells or under altered conditions. This report describes a method to 
separate and clone individual messenger RNAs (mRNAs) by means of the polymerase 
chain reaction. The key element is to use a set of oligonucleotide primers, one being 
anchored to the polyadenylate tail of a subset of mRNAs, the other being short and arbitrary 
in sequence so that it anneals at different positions relative to the first primer. The mRNA 
subpopulations defined by these primer pairs were amplified after reverse transcription and 
resolved on a DNA sequencing gel. When multiple primer sets were used, reproducible 
patterns of amplified complementary DNA fragments were obtained that showed strong 
dependence on sequence specificity of either primer. 

Higher  organisms contain about 100,000 
different genes, of which only a small frac- 
tion, perhaps 15%, are expressed in any 
individual cell. It is the choice of which 
genes are expressed that determines all life 
processes-development and differentiation 
(I) ,  homeostasis, response to insults, cell 
cycle regulation (2, 3),  aging, and even 
programmed cell death. The course of nor- 
mal development as well as the pathological 
changes that arise in diseases such as cancer 
(4, whether caused by a single gene muta- 
tion or a complex of multigene effects, are 
driven by changes in gene expression. Al- 
tered gene expression lies at the heart of the 
regulatory mechanisms that control cell 
biology. Comparisons of gene expression in 
different cell types provide the underlying 
information we need to analyze the biolog- 
ical processes that control our lives. 

Current methods to distinguish mRNAs 
in comparative studies rely largely on the 
subtractive hybridization technique (5). A 
fingerprinting technique for mRNAs by 
two-dimensional (2-D) electrophoresis, 
such as has been used extensively in detect- 
ing cellular protein species ( 6 ) ,  would be 
very useful. Reproducibility should be suffi- 
cient so that side-by-side comparisons of 
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the mRNAs from different cells are possi- 
ble. Furthermore, the identified spots 
should be usable for identifying and isolat- 
ing the corresponding genes, mRNAs, or 
cDNAs. When protein gels were used frus- 
tration often followed because of the inabil- 
ity to obtain enough of the identified pro- 
teins for molecular characterization (7). 

Our method is directed toward the iden- 
tification of differentially expressed genes 
among the approximately 15,000 individual 
mRNA species in a pair of mammalian cell 
populations (8), and then recovering their 
cDNA and genomic clones. The general 
strategy is to amplify partial cDNA se- 
quences from subsets of mRNAs by reverse 
transcription and the polymerase chain re- 
action (PCR). These short sequences are 
then displayed on a sequencing gel. Pairs of 
primers are selected so that each will amplify 
DNA from about 50 to 100 mRNAs because 
this number is optimal for display on the gel. 

Selection of 3' primers takes advantage 
of the polyadenylate [poly(A)] tail present 
on most eukaryotic mRNAs (9) to anchor 
the primer at the 3' end of the mRNA, plus 
two additional 3' bases. A primer such as 
5'-TllCA would allow anchored annealing 
to mRNAs containing T G  located just up- 
stream of their poly (A) tails (1 0). By prob- 
ability this primer will recognize one- 
twelfth of the total mRNA population be- 
cause there are 12 different combinations of 
the last two 3' bases, omitting T as the 
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penultimate base. The primer permits ini- 
tiation of reverse transcription of only this 
subpopulation. 

Any reverse transcribed cDNA species 
would be amplified by PCR if the distance 
at which a second primer anneals is smaller 
than 2 to 3 kb from the beginning of the 
poly(A) tail (an average molecular size of 
mRNA is 1.2 kb). Ideally this annealing 
position should be within 500 bp because 
cDNAs up to 500 bp can be resolved by size 
on a DNA sequencing gel. For a 5' primer 
of arbitrary base sequence, annealing posi- 
tions to cDNAs should be randomly distrib- 
uted in distance from poly(A) tail. There- 
fore, the amplified products from various 
mRNAs will differ in size. After these PCR 
products have been labeled with [ c~ -~~S] -  
labeled deoxyadenosine triphosphate 
(dATP), they would be displayed by auto- 
radiography as a ladder on a sequencing gel. 

The 5' primer should in theory be short, 
6 to 7 bp, for it to anneal fairly frequently 
near the end of a cDNA strand (Table 1). 
A critical technical problem is whether 
such short primers can give specific DNA 
amplification by PCR. Although arbitrary 
primers 8 to 10 nucleotides in length have 
been used for DNA polymorphism analysis 
by PCR (1 I), the standard PCR method 
uses primers of 20 or more nucleotides in 
length. After numerous trials with different 
primer sets and PCR conditions with 
cloned murine thymidine kinase (TK) 
cDNA (12) as a model template, the PCR 
parameters were chosen such that 42°C 
annealing would be optimal for product 
yield and specificity, whereas a 30-s elonga- 
tion time would allow amplification of short 
products that cou1d.k resolved by a DNA 
sequencing gel. Primer TllCA in combina- 
tion with a 10-mer (LtW) was found to give 
specific DNA amplification under these 
conditions (Fig. 1A). The specificity of 

Tam 1. Theoretical calculation and experi- 
mental data of the number of mRNA species 
that can be amplified by arbitrary primers with 
different lengths in combination with an an- 
chored oligo(dT) primer that binds to one- 
twelfth of the mRNA 3' termini. The theoretical 
calculation is based on the estimation that a 
mammalian cell expresses about 15,000 differ- 
ent mRNA species (8) and that only amplified 
cDNA fragments with sizes smaller than 500 bp 
are visualized by a DNA sequencing gel. 

Length Kilo- mRNA displayed 
of bases (no.) 

arbitrary per 
primer bind~ng Experi- 
(bases) site Theory mental 

DNA amplification dramatically increased 
with decreasing deoxynucleoside triphos- 
phate (dNTP) concentration from that of 
standard conditions. Lowering the dNTP 
concentration to 2 pM not only improved 
the specificity of DNA amplification but 
also was necessary for labeling PCR prod- 
ucts to a high enough specific activity with 
[~t-~~SI-labeled dATP to provide high reso- 
lution on a DNA sequencing gel (Fig. 1C). 

Primerdependent DNA amplification 
was demonstrated because both primers 
were necessary for the specific amplification 
of the 301-bp TK cDNA fragment when 
either purified plasmid or lysate of Escherich- 
ia cob containing the plasmid was used as 
template (Fig. 1, B and C) . The absence of 
bands in the E. coli genomic background 
demonstrates specificity of the reaction. 
Thus, a successful specific DNA amplifica- 
tion was achieved with a short primer set in 
combination with high resolution of the 
DNA sequencing gel. 

Next, the method was applied to detect 
a subset of mRNAs in mammalian cells by 
comparing the TK message from quiescent 
versus cycling mouse A31 cells. Total 
RNAs (Fig. 2A) or mRNAs (Fig. 2B) were 
reverse transcribed with TllCA . ; primer 
followed by PCR in the presence of the 
LtU 5' primer. On the DNA sequencing 
gel, 50 to 100 amplified mRNAs ranging 
from 100 to 500 bp were visible, a number 
that seems to be optimal for analysis. Pat- 
terns of mRNA species seen between cy- 
cling and quiescent A31 cells (Fig. 2A) 
were very similar as expected, though spe- 

cific differences were apparent. A band 
corresponding in size to the expected TK 
mRNA fragment was seen in the cycling 
cells but not in the quiescent cells obtained 
after serum starvation (Fig. 2A), which is 
consistent with TK mRNA production be- 
ing Gl/S phase specific (13). This experi- 
ment demonstrated that scarce mRNA spe- 
cies such as that of TK with copy numbers 
around 30 per cell can be detected (13). 
Repeated experiments produced highly re- 
producible patterns of cDNAs (95% bands 
were reproducible for a given pair of primers 
and mRNA sample in more than three 
independent experiments) (1 4). The repro- 
ducibility allowed direct comparisons be- 
tween lanes (Fig. 2), further indicating the 
reliability of this method. 

When normal (A31) and tumorigenic 
(BPA31) cells were compared, most bands 
were the same, but a few bands such as N1 
were seen only in normal cells, or T1 in 
tumor cells (Fig. 2B). The band corre- 
sponding in size to the amplified TK mRNA 
fragment was clearly visible in both types of 
cells, representing a good internal control. 

In accord with predictions, patterns of 
amplified cDNAs from human breast cancer 
and normal mammary epithelial cells were 
totally changed when either primer was 
changed (Fig. 3). Examination of these 
patterns provides further information re- 
garding the differential display technique. 
When cDNA species were amplified with 
primer sets that differed by either the arbi- 
trary primer (compare Fig. 3, lanes 1 and 2 
with 3 and 4 and 5 and 6; lanes 7 and 8 with 

Fig. 1. Specific amplification A B 
of mouse TK cDNA template 1 2 3 4  1 2 3 4 5 6  C 1 2 3 4 5  

with primer set, T,,CA. and -- 
Ltk3 (CTTGATTGCC), which R is located 278 bp upstream of 
its poly(A) tail (12). (A) A 1.5% 
agarose gel showing dNTP 
concentration dependence of 
the specificity of DNA amplifi- * 4 

cation. The 10 ng of mouse TK C 

cDNA plasmid pAMTK was 
amplified with the GeneAmp 
kit (Perkin-Elmer Cetus, Nor- 
walk, Connecticut) in the pres- 
ence of 2.5 pM T,,CA, 0.5 pM Ltk3 with dNTP concentrations at 200 pM (lane 2). 20 pM (lane 3), 
and 2 pM (lane 4). Other components in the PCR reaction were as suggested by the manufacturer. 
PCR parameters were 94°C for 30 s, 42°C for 1 min, and 72°C for 30 s with 40 cycles, and then 5-min 
elongation at 72°C. Lane 1 is the 1-kb ladder [Bethesda Research Laboratories (BRL), Bethesda, 
Maryland] as size markers. The arrowhead indicates the expected 301 -bp amplified TK product. (B) 
A 1.5% agarose gel showing primer-dependent amplification of mouse TK cDNA template pAMTK 
in the E. coli genomic background, with the arrow indicating the amplified TK product. PCR 
conditions were as in (A) with 2 pM dNTP. Lanes 1 to 3 used 10 ng of pAMTK as template in the 
absence of T, ,CA (lane I), in the absence of Ltk3 (lane 2), and in the presence of both primers (lane 
3). Lanes 4 and 5 were in the presence of both primers but with lysates of E. coli LE392 lacking 
plasmid pAMTK (lane 4) and LE392 harboring about 30 copies of the plasmid per cell (lane 5) as 
templates, respectively. Bacterial lysates were prepared from single colonies on agar plates as 
described (16). Lane 6 is the 1-kb ladder. (C) A 6% DNA sequencing gel showing [a-35S]dATP- 
labeled PCR product. Samples were as in (B) except 0.5 pM [U-~~SICJATP (1200 Cilmmol) was 
included from the first cycle in the PCR reactions and 6.5 p1 of sample was analyzed. The arrowhead 
indicates the amplified TK product. 
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9 and 10 and 11 and 12) or the anchored 
oligo-dT primer (compare lanes 1 and 2 with 
7 and 8; lanes 3 and 4 with 9 and 10; lanes 
5 and 6 with 11 and 12), they exhibited 
totally different patterns, verifying the ratio- 
nale on which this method is based. The 
additional two bases in the anchored oligo- 
(dT) primers provided marked specificity, 
recognizing different but numerically similar 
subpopulations of the total mRNA. In gen- 
eral, each lane exhibited about 50 to 100 
bands for the arbitrary 10-mers (G-C con- 
tent of 50%); arbitrary 9-mers were less 
polymorphic. Although shorter arbitrary 
primers should by statistics recognize more 
mRNA species than longer ones (Table I), 
primers with nine or fewer bases were actu- 
ally poorer primers, as shown here and also 
by others (I I). Hence, under these PCR 
conditions with Taq DNA polymerase used 
at its optimal temperature of 72"C, the 
shorter primers may have too low melting 
temperatures (below 40°C) to bind efficient- 
ly. Arbitrary 10-mers in conjunction with 
anchored oligo(dT) primers, can amplify 
more bands than statistics allows, in theory 
acting like 6- or 7-mers. This result suggests 
that they may hybridize to the target mRNA 
sequences in a degenerate fashion during the 
first few PCR cycles; this is supported by 
alterations in the 5' sequences of their prod- 
ucts. This degeneracy is advantageous in 
revealing an optimal number of mRNA spe- 
cies per gel. In theory, about 10,000 6- to 
7-mer sequences are possible. The chance of 
finding any one such sequence in 500 bases 
thus is 0.05. Therefore 20 arbitrary 10-mers 
(priming as 6- to 7-mers) should statistically 
cover all mRNA sequences upstream of the 
12 possible anchored oligo (dT) primers. 

The next step was to recover cDNA of 
an identified mRNA species from a dried 
DNA sequencing gel and reamplify it with 
PCR. To obtain a probe, a DNA band from 
the sequencing gel was electroeluted with 
Hoefer's gel eluter and ethanol precipitated 
to remove contaminants such as urea. The 
yield of DNA recovery was typically 50%, 
measured by radioactivity. The recovered 
DNA was reamplified in the presence of 20 
pM dNTP to achieve optimal yield and 
specificity. The reamplified PCR products 
were often visible on an agarose gel after 
two consecutive 40-cvcle PCR reactions 

and reamplified. The reamplified product 
was characterized by both its correct total 
length and Stu I digestion to give two 
fragments of the expected sizes, one being 
124 bp and the other 177 bp (14). 

The reamplified N1 was cloned into plas- 
mid pCRlOOO and sequenced. The nucleotide 
sequence clearly shows that the N1 fragment 
is flanked by the mRNA mapping primer 
sequences of Ltk3 at the 5' end and T,,CA at 
the 3' end as expected (Fig. 4A). DNA 
sequence comparisons between the arbitrary 
primers in the recovered cDNAs such as N1 
and their corresponding original cDNAs iso- 
lated from cDNA libraries show that there 
were two to three mismatches at the 5' end of 
the arbitrary primers (14). Searching the 
GenBank and EMBL DNA databases re- 
vealed that the partial N1 cDNA clone shows 
70% identity in nucleotide sequence to an 
expressed sequence tag (EST00839) recently 
isolated by random sequencing of a human 
brain cDNA library (1 5). 

Northern (RNA) blot analysis with the 
N1 probe detected a single mRNA species 
of about 3.5 kb. N1 mRNA appeared to be 

(14). This suggests that these short primers 
can amplify DNA but at the cost of low 
priming efficiency; therefore, more cycles or 
even rounds of PCR are necessary to pro- 
duce enough DNA to be seen on an agarose - 
gel. Reamplifications of N1 and T1 were 
shown to be dependent on both primers, 
and products corresponded with their sizes 100 - 
on the original sequencing gel (14). 

As an internal control for specific recov- 
ery, a band corresponding to TK from - 130 tumorigenic cells (Fig. 2B) was recovered 

present at low abundance in both growing 
and quiescent normal cells. The blot con- 
firms that N1 mRNA is present only in the 
normal A31 cells but not in the tumori- 
genic BPA31 cells (Fig. 4B). So far, a total 
of four cDNA sequences have been charac- 
terized. Of the three that were tested by 
Northern blot analysis, two including N1 
turned out to be differentially expressed. 
The remaining one did not give any signal. 
It is possible that its mRNA message may be 
too low to be detected by Northern blot. 

The differential dis~lav method de- . , 
scribed here is an alternative to subtractive 
or differential hvbridization techniaues. It 
can be used for three purposes. One is to 
visualize mRNA compositions of cells by 
displaying subsets of mRNAs as short 
cDNA bands; samples run in parallel reveal 
differences in their mRNA Datterns. This is 
useful in the same way as 2-D protein gels, 
for example, to see and identify alterations 
in gene expression. Second, these cDNAs 
can be quickly sequenced; thereby a tag for 
each mRNA can be readily obtained and 
compared with sequences in data banks. 

Fig. 2. Differential display using mRNA or total 
RNA. (A) Total RNA was isolated as described 
(1 7). Two micrograms of the total RNA from 
A31 grown in Dulbecco's minimum essential 
medium (DME) with 10% bovine calf serum until 
reaching 80% confluency (lane 1) or after 48 
hours of 0.5% serum starvation (lane 2) were 
reverse-transcribed with 300 units of MMLV 
reverse transcriptase (BRL) in the presence of 
2.5 pM of TllCA as primer and 20 pM dNTP for 
60 min at 35°C. After heat inactivation of the 
reverse transcriptase at 95°C for 5 min, 2 p1 of 
the sample was added to 18 p1 of PCR labeling 
mix and amplified as in Fig. 2C. PCR product 
(6.5 pl) was analyzed on a 6% DNA sequenc- 
ing gel. Lane 3, single-stranded DNA size 
markers of single track (ddG) DNA sequencing 
of human TMP kinase cDNA (18) with primer 
5'-AAAAGCTTCTGAAGTTGTGGGGT. The ar- 
row indicates amplified TK mRNA only present 
in the cycling cells (lane 1) but not in quiescent 
cells (lane 2). (B) Messenger RNA from 6 x lo6 
BALBIc 3T3 mouse fibroblast cell lines A31 
(normal) and BPA31 (tumorigenic) growing in 
DME with 10% bovine calf serum and 10% CO, 
were isolated using the Quickprep mRNA puri- 
fication kit from Pharmacia-LKB Biochemical 
(Piscataway, New Jersey). The purified mRNA 
(0.5 pg) either from A31 (lane 3) or BPA31 (lane 
4) were used as templates for the reverse 
transcription and subsequent PCR amplifica- 
tion as described above. Lane 1, ssDNA size 
markers of single track (ddC) DNA sequencing 
of human TMP kinase as described. Lane 2, 10 
ng of pAMTK plasmid as template as external 
control. The small arrow indicates amplified TK 
mRNA as an internal control. The arrowhead 
indicates an amplified mRNA species (Nl) 
seen only in normal A31 cell but not in the 
tumorigenic cell BPA31. The large arrow indi- 
cates an amplified mRNA species (TI) found 
only in the tumorigenic BPA31 cells. 
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Third, individual bands can readily be 
cloned and used as probes for Northern or 
Southern (DNA) blottings and to isolate 
genes from cDNA or genomic libraries. 

Merential display has several technical 

Fig. 3. Differential display of 
mRNAs from a normal versus a 
metastatic human breast cancer 
cell using multiple primer sets. 
Both normal (76N) and tumor 
(21 MT-2) cells were cultured in D 
medium (19) until reaching about 
70% confluency before the poly- 
adenylated RNAs were extracted 
using the Quickprep mRNA puri- 
fication kit from Pharmacia-LKB 
Biochemical. The purified mRNA 
(0.5 pg) was reverse transcribed 
with either TllCA or Tl,GC. Six 
different combinations of primer 
sets made of two anchored oligo- 
dT primers (T,,CA: 5'- 
TlTlTlTlTlTCA-3' and Tl,GC: 
5'-TlTlTlTlTlTTGC-3') and 
three short arbitrary primers (two 
are 10-mers, Lddl : 5'-CTGATC- 
CATG-3' and Ltk3: 5'-CTTGAT- 
TGCC-3', and one is a 9-mer, 
Ldd2: 5'-CTGCTCTCA-3') were 
used for the PCR reactions essen- 
tially as described, except the an- 
nealing temperature was at 40°C 
instead of 42°C. The odd-num- 
bered lanes correspond to mRNA 
from normal cells whereas even- 
numbered lanes represent mRNA 
from the tumor cells. Several can- 
didate cDNA tags that appear to 
be differentially expressed are 
marked by arrowheads. 

7 
l d d  

advantages as compared to subtractive and 
differential hybridizations. It is much quicker; 
2 months are required to isolate clones from 
cells by subtractive hybridization, which in- 
cludes mRNA isolations, cDNA library con- 

- TI'GC -- -TI I CA 
Ldd? Ti7 Ldd2 Llkj 

3 4 5 6 9 10 I1 I2  -- -- W W  -i 

I 
l d d  l 

7 R -- 

A 
I0 20 30 I0 50 60 1 2  3 4 

CTTGLTTCCC TCCTACAGCI GTPGCU;GU CCTTTAGCTG T X U G M G  TXACAGTCC -"*s" .- - - *9m--S  

Flg. 4. (A) Nucleotide sequence of N1. Reamplified N1 fragment was cloned into pCR1000 to give 
pCR-Nl with the TA cloning system from lnvitrogen (San Diego. California). Both strands of N1 were 
sequenced with the M13-40 and Ti' promoter primers. Nucleotide sequences of flanking mRNA 
mapping primers are underlined. (B) 'Northern blot analysis of M mRNA in normal and tumorigenic 
mouse fibroblast cell lines. Cellular total RNA extraction and Northern blot were carried out as 
previously described (20). N1 was gel purified as an Eco RI-Hind I11 fragment from pCR-N1 and 
labeled with [U-~~PI~CTP to a specific activity of 1 x lo9 cpmlpg of DNA with a random-prime DNA 
labeling kit from Boehringer Mannheim Biochemicals (Indianapolis. Indiana). A sample (20 pg) of 
total RNAs from either exponentially growing normal A31 cells (lane 1) and tumorigenic BPA31 cells 
(lane 2) or quiescent normal A31 cells (lane 3) and tumorigenic BPA31 cells (lane 4) obtained after 
45 hours of serum starvation were analyzed. The blot was exposed for 72 hours with intensifying 
screens. As a loading control, the same blot was reprobed with 3684 cDNA (21) and exposed for 
16 hours without screen. 

structions, subtraction, and screening by dif- 
ferential hybndization, With Merential dis- 
play the band patterns are obtained in 2 days 
and clones in 5 days. In addition, unlike 
subtractive hybndization, differential display 
allows simultaneous detections of both groups 
of differentially expressed genes (for example, 
candidate tumor suppressor genes and onco- 
genes). Most genes by statistics should be 
present in the patterns as single bands. There- 
fore, redundancy, underrepresentation of rare 
mRNAs, and false positive clones are mini- 
mized. In t e r n  of sensitivity, because the 
method described here is PCR-based, only 1 
kg of mRNA is required per 100 lanes, com- 
pared to 50 times as much or more for sub 
tractive hybndization. A direct comparison of 
the number of cDNA bands amplified by a 
given set of primers with either a cDNA 
library or rnRNA of the same cell type indi- 
cates that the new method is much more 
sensitive (14). This suggests possible under- 
representations of many genes during cDNA 
library constructions. Reproducibility from 
run to run of the method in displaying mRNA 
patterns with the same RNA sample is high 
(>95% bands are always seen) in comparison 
with the great variations in the kinds and 
numbers of genes isolated by each subtractive 
hybridization. The advantage of subtractive 
hybridization is its enrichment and focus on 
only the differentially expressed genes. Be- 
cause of its simplicity based on PCR and a 
DNA sequencing gel, two of the most widely 
used molecular biological techniques, the dif- 
ferential display technique should find wide 
and rapid applications in studying cancer, 
heart disease, cell difKerentiation, and aging, 
among others. 

These results demonstrate the potential 
of this technique to identify differentially 
expressed mRNAs and to clone their genes. 
It should make possible the detection of 
most of the mRNAs in a cell by use of 
multiple primer sets. 
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Biosynthesis of Human Papillomavirus from a 
Continuous Cell Line Upon Epithelial Differentiation 

Craig Meyers, Mark G. Frattini, John 6. Hudson, 
Laimonis A. Laimins* 

The study of the human pathogen papillomaviruses (HPVs) has been hampered by the 
inabilityto propagate the virus in tissue culture. The addition of 12-0-tetradecanoyl phorbol- 
13-acetate to the media of organotypic (raft) cultures increased expression of physiological 
markers of keratinocyte differentiation and concomitantly induced production of virions. 
Capsid production was detected in differentiated suprabasal cells. Virions approximately 
54 nanometers in size were observed by electron microscopy in raft tissue cross sections 
in the suprabasal layers. Virions purified through isopycnic gradients were found to contain 
type 31 b DNA and exhibited an icosahedral shape similar to that of papillomaviruses found 
in clinical samples. 

H u m a n  papillomaviruses (HPVs) are im- the recombination of epidermal cells with a 
portant human pathogens associated with a collagen matrix maintained on rigid support 
variety of neoplasias. HPV types 16, 18, 31, (6). However, raft cultures have continued 
33, 35, and 51 have been associated with to be deficient in the most important aspect 
malignant lesions of the anogenital area, and 

of papillomavirus research, the ability to 
pr )pagate virions. One stage of productive 
infection. the differentiation-s~ecific am~l i -  
fication of episomal viral DNA in the uiper 
layers of the epithelium, has been achieved 
in raft cultures (7). This was done with a 
cell line (CIN-612) derived from a cervical 
intraepithelial neoplasia type 1 (CIN 1) 
lesion that maintains episomal copies of 
HPV tvDe 3 1 b DNA. No evidence of virion , . 
production was detected with this cell line. 
Although important for replication studies, 
the ultimate goal of complete vegetative 
viral replication in vitro was still lacking. 

One explanation for this inability to 
propagate HPVs in culture was the failure of 
the raft system to faithfully duplicate all 
aspects of the differentiation program of 
epithelial cells to which viral production is 
closely linked (8, 9). In normal kerati- 
nocytes, keratin 10 is expressed throughout 
the suprabasal layers of the differentiating 
epithelium (9, lo), and filaggrin is generally 
restricted to the stratum granulosum of the 
differentiating epithelium (1 1 ) . In raft cul- 
tures of CIN-612 cells, keratin 10 (Fig. 1C) 
was only weakly present in the intermediate 
layers, and filaggrin was only weakly ex- 
pressed in the stratum comeum and occa- 
sionally in the upper part of the stratum 
granulosum (Fig. 1E). When 12-0-tetrade- 
canoyl phorbol-13-acetate (TPA) was added 
to the raft culture media of invasive cervical 
carcinoma cell lines ( I  2) , morphological 
differentiation was induced, as shown by 
cross sections of raft cultures (1 3). In TPA- 
treated CIN-612 rafts, keratin 10 was ex- 

vitro system has i e t  been described. This 
is ~robablv a result of the evolution of a 
virh life cycle that is tightly coupled to 
the differentiation program of keratino- 
cytes in which virion production is limited 
to differentiating suprabasal cells (5). 

Organotypic (raft) cultures recreate im- 
portant features, both morphological and 
physiological, of epithelial differentiation 
in vitro by raising the cells to an air-liquid 
interface. This has been accomplished by 
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ded raft t~ssue wlth the 
VECTASTAIN Ellte ABC Kit , -- rr . - ' ,  
(Vector Laboratories) (A 
and B) CIN-612 raft cultures 
w~th haematoxylln and eosln 
staining. (C and D) CIN-612 
raft cultures immunostained 
with a keratin lckspecific 
monoclonal antibody (Accu- 
rate Chemical & Scientific 
Corp.) as the primary anti- 
body. (E and F) Immuno- 
staining of CIN-612 raft cul- 
tures with a filaggrin-specif- 
ic monoclonal antibody 
(Biomedical Technoloqies 
Inc.) as the primary anti- 
body. In (A), (C), and (El, 
CIN-612 raft cultures were grown as described (24) without TPA in the media. In (B), (D), and (F), 
CIN-612 raft cultures were treated with 16 nM of TPA for 16 to 24 hours every fourth day for 16 days. 
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