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Polymerase chain reaction (PCR) is an attractive ap-
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Currently, the rapid amplification of cDNA ends
RACE) is the most common method for PCR cloning of
DNA. Because RACE uses a gene specific primer and
ne adaptor primer that is shared by all cDNAs may
esult in numerous nonspecific products that can
inder the cloning process. Here we report a new
ethod that uses circularized first strand cDNA from
RNA and two gene specific primers to amplify both

he 5* and 3* cDNA ends in one reaction. A cDNA band
f correct size can be obtained on the first pass in this
pproach. If the correct size is not obtained on the first
ass, amplification of cDNA ends can be repeated until
he correct size of the cDNA is obtained. We tested this
ew method on eight mRNAs that we have previously
hown to respond to cellular iron levels. We obtained
equences for six mRNAs that were 43 bp to 1324 bp
onger than that reported in GenBank and obtained
he same length sequence for the other two mRNAs.
NA folding program shows no iron responsive ele-
ents (IRE) on these mRNA. In conclusion, our clon-

ng approach offers a more efficient method for clon-
ng full-length cDNA and it may be used to replace the
xisting method of 5* end cDNA extension. The data
nabled us to exclude the possibility that the expres-
ion of these iron responsive genes are regulated by
REs. © 2000 Academic Press

Key Words: cDNA cloning; Polymerase chain ampli-
cation; iron responsive element.

Despite the availability of numerous approaches for
loning cDNA, it is still an arduous task. This is espe-
ially true when it is necessary to obtain a complete
equence or when attempting to clone a rare sequence.

1 To whom correspondence should be addressed at Department of
euroscience and Anatomy, M.C. H109, and G.M. Leader Alzhei-
er’s Disease Research Laboratory, P.O. Box 850, Penn State Uni-

ersity College of Medicine, M.S. Hershey Medical Center, Hershey,
A 17033. Fax: (717) 531-5184. E-mail: jrc3@psu.edu.
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roach for cDNA cloning because of its simplicity and
ts utilization when starting material is limited. Cur-
ently a common method in PCR cloning of cDNA is the
apid amplification of cDNA ends (RACE) (1–3). One of
he most distinct advantages of RACE is that a speci-
ed cDNA end can be cloned in a short time without
he need to construct a cDNA library. However, be-
ause RACE uses one gene specific primer and one
daptor primer that is shared by all cDNAs, the result-
ng non-specific products may seriously hinder cloning
he cDNA of interest. In this report we describe a novel
pproach to PCR cloning of cDNA that uses circular-
zed single strand cDNA and two gene specific primers.
his approach can specifically amplify the 59 and 39 end
f cDNA in one reaction.
Our laboratory is interested in maintenance of cel-

ular iron homeostasis. Iron is known to regulate the
xpression of genes that contain an iron responsive
lement (IRE) in their mRNA. However, iron binding
ites have been reported on genomic DNA (4–6) and
roteins functionally related to iron metabolism have
een found in cell nuclei (7, 8). This suggests the pos-
ibility that iron may directly regulate expression of
enes that do not have an IRE. We have identified a
umber of known genes that were not known to be iron
esponsive and a number of novel genes that respond to
ellular iron status (9, 10). Cloning the full length of
hese cDNAs with this method was necessary for de-
ermining whether or not an IRE was involved in the
esponse of these genes to iron.

ATERIALS AND METHODS

Cell culture and mRNA isolation. Human astrocytoma cells
SW1088 from ATCC) were cultured in 150 mm petri dishes with 5%
arbon dioxide at 37°C. The culture medium for the control group
as Dulbecco’s Modified Eagle’s Medium supplemented with 10%

etal bovine serum, 4 mM sodium L-glutamine, 100 U/ml penicillin G
nd 100 U/ml streptomycin and 0.25 mg/ml amphotericin B. Astro-
ytoma cells were also cultured in control media plus 100 mg/ml of
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



ferric ammonium citrate (Sigma, St. Louis, MO) for 48 h (iron load-
i
(
a
b
T
s
u
l
b
s

o
U
m
T
1
o
t
(
M
w
m
1
t
a

f
1
c
P
T
0
e
c
t
2
P
s
l

F

R

s
t
h
l
w
e
w
t

t
s
p
q
m
t
O
p

longer than the reported sequence in GenBank but still
i
b
p
c
q
G
i
h
o

m
m
t
s
P
a
c
a
a
c
t
s
d
t
s
s
a
N
r
t
s
e

u
c
o
a
s
t
m
n
n
n
p
s
c
t
t
T
a
d

1
s
w
r

Vol. 275, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ng condition), control media plus 50 mM deferoxamine mesylate
Sigma, St. Louis, MO) for 6 h (iron depletion condition). Total RNA
nd mRNA were isolated from cultured human astrocytoma cells as
efore by using total RNA midi kit and mRNA midi kit (Qiagen) (10).
o decrease the number of groups used to prepare circularized single
trand cDNA, a mixed total RNA from astrocytoma cells cultured
nder three different iron conditions (control, iron depletion and iron

oading) was used in the isolation of mRNA. Commercial human
rain mRNA from Clontech was also used for confirming the novel
equences cloned by our method.

Preparation of circularized single strand cDNA. The first strand
f cDNA was generated in 50 ml of reaction buffer consisting of 1000

RNase H2 Reverse Transcriptase (Gibco/Life Science), 2 mg
RNA, 1 mg phosphorylated oligonucleotide (dT)18 N2, 18.8 mM
ris.HCl, pH 6.9, 90.6 mM KCl, 4.6 mM MgCl2, 10 mM (NH4)2SO4,
0 mM DTT, 0.3 mM dNTP and 1 U RNasin (Promega). The synthesis
f first strand cDNA was performed at 42°C for 1 h. Subsequently,
he mRNA templates were digested with a mixture of the RNase H
6 Unit) (Gibco/Life Science) and RNase A (0.5 mg) (Boehringer

annheim) at 37°C for 40 min. The first strand of cDNA was purified
ith a QIAquick spin column (Qiagen). The first strand of cDNA (100
g) in 100 ml Kin-Lig buffer (50 mM Tris.HCl, pH 8.0, 10 mM MgCl2,
mM EDTA, 6 mM 2-mercaptoethanol, 1 mM ATP) (11) was ligated

o form a circularized strand by adding 30 U T4 DNA ligase (Roche)
nd incubated at 8°C for 16 h and at 15°C for 2 h.

PCR amplification. Two gene specific primers were designed
rom a segment of known sequence obtained in our previous study (9,
0). The 39 end of the primers was directed toward the 59 or 39 end of
DNA. Advantage Polymerase Mixture 2 (Clontech) was used in the
CR and the PCR reaction consisted of following components: 40 mM
ricine-KOH, 15 mM KOAc, 3.5 mM Mg(OAc)2, 3.75 mg/ml BSA,
.005% Tween-20, 0.005% Nonidet-P40, 0.2 mM dNTP, 0.3 mM of
ach primer, 1 ml of a 1:10 dilution of circularized single strand
DNA. PCR amplification was performed under the following condi-
ions: 95°C 1 min; 94°C 15 s, 72°C 2 to 4 min, 5 cycles; 94°C 15 s, 70°C
to 4 min, 5 cycles; 94°C 15 s, 68°C 2 to 4 min, 25 to 30 cycles. For
CR amplification of linear single strand cDNA, PCR conditions are
ame as above except the linear single strand cDNA without circu-
arization served as the template.

The general strategy we used to clone cDNA is illustrated in
ig. 1.

ESULTS

Seven iron responsive mRNAs from our previous
creenings (9, 10) and the mRNA for the iron regula-
ory protein (IRP-1) (12) were selected from mRNA of
uman astrocytoma cells and human brain for full

ength cloning with our novel method. The mRNAs
ere chosen because at least a partial sequence for
ach of them has been published in GenBank so that
e could compare the efficiency of our cloning method

o published results.
The PCR reaction product from the first amplifica-

ion was detected on an agarose gel (Fig. 2A) and the
pecific DNA band was purified and inserted into the
lasmid vector for sequencing. We obtained longer se-
uences at the 59 and/or 39 end for three of the test
RNAs (GAPDH, NEMO and Iron-inhibited ABC

ransporter) than what had been reported in GenBank.
ne cDNA (TEXREB107) had the same length as re-
orted in GenBank. The sequence of Thy-1 cDNA is
224
ncomplete compared to the size indicated by Northern
lot analysis. Three of the cDNAs (IRP-1, Calpain large
olypeptide L2 and NADH dehydrogenase 1 beta sub-
omplex 9) were incompletely cloned because the se-
uence we obtained was shorter than that reported in
enBank. In addition there is a possibility that the

ron inhibited ABC transporter is encoded by two
ighly homologous mRNAs because two bands were
btained on Northern blots.
In order to obtain the complete sequence for the four
RNAs that were partially cloned and the homologous
RNA of an iron-inhibited ABC transporter, a second

ouchdown PCR was performed using new primers de-
igned according to the sequence information from first
CR amplification. The PCR products were analyzed
s described above (Fig. 2B). The second PCR amplifi-
ation resulted in longer sequences at both the 59 end
nd 39 end for Thy-1 mRNA than reported in GenBank
nd the size of cDNA is consistent with the size indi-
ated on the Northern blot. For the iron inhibited ABC
ransporter, the second PCR amplification resulted in a
pecifically amplified product that may represent the
ifference between two cDNAs corresponding to the
wo bands that are indicated on Northern blots. The
econd PCR amplification also resulted in a longer
equence at the 59 end of IRP-1 cDNA. After the second
mplification we obtained the same sequence for
ADH dehydrogenase 1 beta subcomplex 9 as that

eported in GenBank. From the second PCR amplifica-
ion for Calpain large polypeptide L2 we obtained same
equence at the 59 end and a longer sequence at the 39
nd (180 bp) than that reported in GenBank.
Because the first and second PCR amplifications

sed special templates (circularized first strand
DNAs) and a different primer designation (the 39 end
f primers are toward both ends of the cDNA) we used
third PCR to confirm that the cDNAs from first and

econd PCR runs are specific PCR products (Fig. 3). A
hird PCR amplification was also necessary because
ost of cDNAs cloned by our novel method contained

ew sequence data. One primer chosen against the
ovel sequence and the other primer from either a
ovel sequence or known sequence were used to am-
lify the specified cDNA sequence from the linear first
trand cDNA. The PCR reactions on all seven of the
DNAs produced DNA that corresponded to the size
hat was predicted with the sequence information ob-
ained from first and second PCR reactions (Fig. 3).
he DNA from the third PCR reaction was sequenced
nd the sequence information was the same as that
educed from the first two PCR reactions.
In GenBank a sequence for NEMO mRNA (see Table

) has been reported, but our technique results in a
equence that is 74 bp longer. The additional 74 bp that
e sequenced for NEMO mRNA have been previously

eported on the glucose-6-phosphate dehydrogenase
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ene (G6PDH, Genbank number X55448.1). The
6PDH gene is in close proximity to the locus of NEMO
ene on chromosome Xq28. (13) Our PCR and sequenc-
ng results prove these 74 bp belong to the first exon of
he NEMO gene. The novel cDNA sequences for
APDH and Thy-1 cloned by our method were also

ound on their respective genomic DNA (GenBank
umber J04038.1 and M11749). Thus, we confirmed
he accuracy of our cloning method. Our results are
ompared to the sequences reported in Genbank in
able 1.

FIG. 1. The principle of cDNA cloning by amplification of circular
ithout RNase H activity was used to synthesize the first strand cD
rst strand cDNA was purified and self-ligated to form circular molec
segment of known sequence obtained in our previous study (9, 10).

ircularized first strand cDNAs as the template. The specifically amp
DNA ends was obtained, the amplified DNA band was compared to
as compared to the sequences published in GenBank. If incomplete

ould be applied by using circularized first strand cDNAs as templates
he sequence information from the first PCR. The novel sequences
emplate. One primer of the third PCR was synthesized against the n
ovel sequence (P2). The specified amplifications from first and secon
onsistent with the data from first and second PCR reaction.
225
In addition to the sequence data, our study revealed
wo other novel observations. First, our results show
hat the Thy-1 mRNA may also encode another Thy-1
o-transcripted protein. Because the function of Thy-1
lycoprotein is still unclear but important in regulation
f neuritic outgrowth and immune system activity, this
ew information may provide an important clue for
iscovering the function of Thy-1. Secondly, for the
BC transporter, two mRNAs were cloned and the
equence information revealed both of them contained
he same open reading frame.

d first strand cDNA and specific primers. RNA reverse transcriptase
. The mRNA template was degraded by RNases and the remaining
s. Two gene specific primers (GSP 1 and GSP 2) were designed from
h cDNA ends were amplified by a touchdown PCR reaction by using
ed DNA was sequenced. To determine if the full length sequence of
mRNA size predicted from Northern blot analysis and the sequence
NA sequences were amplified in first PCR, another touchdown PCR
d another pair of primers (GSP3 and GSP4) that were designed from
re confirmed by a third PCR using linear first strand cDNA as a
l sequence (P1) and another PCR primer was from known sequencer
CR were confirmed if the size and sequence from a third PCR were
ize
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By using RNA folding program mfold version
.0 (http://mfold2.wustl.edu/;mfold/rna/form1.cgi), we
ound that none of the eight cloned iron responsive
RNAs contained an IRE structure. This further sup-

orts that iron may influence gene expression through
echanisms other than IRE-IRP interaction.

ISCUSSION

The novel cloning method described in this paper
rovides not only an alternative to existing methods
ut represents an improvement in the existing technol-
gy. The use of circularized cDNA for cloning is an
dvantage over existing methods because it minimizes

FIG. 2. Amplification of both cDNA 59 and 39 ends with specific
rimers by using circularized first strand cDNA as templates. (A)
he first PCR amplifications to determine the size of the selected
ene products visualized using ethidium bromide. The products were
nalyzed on 1% agarose gel. M1 and M2 are DNA molecular weight
arkers; 1, GAPDH; 2, NADH dehydrogenase 1 beta subcomplex 9;

, DNA-binding protein, TAXREB107; 4, NEMO protein; 5, IRP-1; 6,
alpain large polypeptide L2; 7, Thy-1; 8, iron-inhibited ABC trans-
orter. The calculated sizes for GAPDH, NEMO were longer than
hat reported in GenBank and the size of the DNA binding protein
AXREB107 was similar to that reported in GenBank. (B) A second
CR amplification using new primers was performed on those genes
hose size did not correspond to the size indicated by Northern blot
nalysis or to the size reported in GenBank. Lane 1, IRP-1; lane 2,
alpain, large polypeptide L2; lane 3, NADH dehydrogenase (ubiqui-
one) 1; lane 4, Thy-1; lane 5, iron-inhibited ABC transporter. Using
he second set of primers, we obtained calculated lengths longer than
hat reported in GenBank for all five of the cDNAs examined. (M2
nd M1 are DNA molecular weight markers.)
226
ions in the cDNA template. Thus, two gene specific
rimers can be used in generating a sequence from
nknown cDNA ends. Attempts to circularize double
tranded cDNA as PCR templates were not successful
ecause the background was unacceptably high (data
ot shown). In the development of this technique, we
lso found that RNA ligase could not be used to form
ircularized cDNA molecules because the PCR reaction
lso produced a high background of nonspecific prod-
cts when circularized single strand cDNAs were li-
ated by this strategy (data not shown).
Our results also show that this new method provides
powerful alternative to traditional cloning methods

or obtaining full length cDNA. Although most of the
equence data for the mRNAs we selected for analysis
ave been available from a number of entries of Gen-
ank for a relatively long time and have undergone

requent updates, our results showed that their se-
uences were incomplete. The advantage of cloning full
ength cDNA with our method is that our approach
vercomes two defects that may limit success in full
ength cloning.

The first problem our technique circumvents is the
equirement to synthesize double stranded cDNA fol-
owing reverse transcription of mRNA to first strand
DNA. It is more difficult to obtain full length double
trand cDNA than to obtain full length first strand
DNA. Our novel technique uses only first strand
DNA as the PCR template, so that the longest first
trand cDNA could be synthesized by using reverse
ranscriptase without RNase H activity. The second
roblem overcome by our approach is that it is difficult
o know the exact length of a cDNA insert in a cDNA
ibrary until the clone has been separated and it is
ifficult to know how many clones are needed to get a
lone with full length. Our technique provides a mech-

FIG. 3. PCR amplification of cDNAs to confirm the novel cDNA
equences. The products of the PCR reaction were analyzed on 1%
garose gel. M is the DNA molecular weight Marker. Lane 1, GAPDH;
ane 2, NEMO; lane 3, IRP-1; lane 4, calpain large polypeptide L2; lane
, Thy-1; lane 6, ABC transporter (small band); lane 7, ABC transporter
large band). The sequences obtained by this amplification step corre-
pond to the sequences obtained in the previous two PCR amplifications
onfirming that our cloning method is accurate.



a
o
e
o
c
c
g
t
o
t
c
u
a
s
m
m
s
p
t
t
t

A

R

1

1
1

1

TABLE 1

G
N
T
I
C

T
I

I

N

a

Vol. 275, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
nism by which the cDNA band of correct size can be
btained on the first pass or the amplification of cDNA
nds can be repeated until the correct size of cDNA is
btained. Another advantage of our method is the spe-
ial designation of PCR primers. The amplification of
DNA toward the ends, which is contrary to normal
ene structure, decreases the possibility of contamina-
ion in cDNA cloning from genomic DNA. Obviously,
ur technique can also be used as a better alternative
o existing methods for 59 end primer extension be-
ause of its ability to specifically amplify cDNA ends
sing a graded series of amplification steps. A major
pplication of the cloning approach outlined in this
tudy is the analysis of the regulatory area on UTRs of
RNAs. In this study, we found no IRE structure on
RNAs that we had identified (9, 10) as iron respon-

ive. Thus cellular iron burden can influence gene ex-
ression by mechanisms other than the interac-
ion between iron responsive elements on mRNAs and
he cytoplasmic mRNA binding iron regulatory pro-
eins (12).
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Comparison of the mRNA Sequence Cloned by Our N

Name and GenBank # of our sequence
Genba

compared

APDH mRNA (GenBank # AF261085) M 331
emo mRNA (GenBank # AF261086) AF 091
EXREB107 mRNA (GenBank # AF261087) D 1755
RP-1 mRNA (GenBank # AF261088) Z 1155
alpain large polypeptide L2 mRNA
(GenBank # AF261089)

NM 00

hy-1 mRNA (GenBank # AF261093) NM 00
ron inhibited ABC transporter mRNA 1

(GenBank # AF261092)
AJ005

ron inhibited ABC transporter mRNA 2
(GenBank # AF261091)

AJ005

ADH dehydrogenase 1 beta subcomplex 9 mRNA
(GenBank # 261090)

NM 00

a If there are several comparable sequences in Genbank, we chose t
nalysis.

b No difference is defined as less than 6 bp sequence difference be
227
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el Method with the Sequence Published in Genbank

# of
uencea

Compared to GenBank
sequence (59 End)b

Compared to GenBank
sequence (39 End)b

43 bp extension No difference
3 74 bp extension No difference

No difference No difference
98 bp extension No difference

8.1 No difference 180 bp extension

8.1 91 bp extension 588 bp extension
.1 312 bp extension 18 bp shorter

.1 331 bp extension 993 bp extension

5.1 No difference No difference

ongest one for comparison. The area of poly-A tail was excluded from

en the compared sequences.
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