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Elongation Factor 1@Is Enhanced following Exposure to Ionizing Radiation'
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Abstract PCR Differential Display. The optimal reaction conditions have been
established by modification of the method of Liang et aL (1 1). Briefly, the

We have used the technique of differential display of mRNA to inves- purifiedtotal or mRNA was reverse transcribedwith the anchoredprimers
tigate gene expression patterns in a human squamous carcinoma cell line, [d(T)15-NGINC/NAIN'r]by using the reverse transcriptase-PCRkit (Perkin
SCC-35, following exposure to ionizing radiation. We observed that elon- Eimer/Cotus).A set ofprimers, an anchored primer and a short arbitrary primer
gation factor 16 (EF-1&) expression increased within 2 h of radiation (lO-mer), were used for the PCR amplification reaction in the presence of
exposure with maximum expression at 8 h. These data identify EF.18 as
a radiation-inducible gene. Cell cycle analysis shows that EF-1&expres
sion enhancement precedes G2 arrest in these cells, suggesting that EF-18
may participate in the G2-M cell cycle checkpoint.

Introduction

Exposure of mammalian cells to ionizing radiation induces the
expression or activation of a number of stress-related proteins (1).
This may include early response genes that function as transcription
factors (fos, fun, NFICB,EGR1 ) (2â€”4),cell cycle-regulatory genes
(GADD-45,cycinB,p5.3)(5â€”7),andotherproteinsthefunctionsof
which are less well understood. Identification of many of these early
response genes has been the result of screening of candidate genes
selected from those that are known to be induced by serum stimulation
(8) orrespondtootherstressagents(H202,heat,UV light)(9, 10).
The recently reported technique of PCR3-based differential display of
mRNA (1 1) offers the opportunity to visualize gene expression and to
directly identify the sequences of the genes. In order to search for
unique genes that may be expressed following ionizing radiation
injury, we have investigated the gene expression patterns of squamous
carcinoma cells of the SCC-35 line using the mRNA differential
display technique. We have identffied the EF-1@as such an inducible
gene by ionizing radiation. We report here the quantitative use of the
differential display technique in time course experiments. The corre
lation of these findings to the cell cycle suggests possible roles of
EF-1& in cellular postradiation recovery processes.

Materials and Methods

Cell CultUres. The human head and neck squamous carcinoma cell line,
SCC-35, was a gift of Dr. R. R. Weichselbaum(Universityof Chicago).The
establishment and characterization of this cell line have been reported previ
ously (12). Cells were maintainedin Dulbecco's modified Eagle's medium,
10%fetal bovine serum,2 mMglutamine,100 units/mIpenicillin, 100 @g/m1
streptomycin, and 0.4 pg/mi hydrocortisone.

Radiation Procedures. Cells were harvested in logarithmic monolayer
growth and reseeded into 75-cm2 tissue culture flasks at 2 X 106 cells/flask.
The cells were incubatedat 37Â°Cfor 16 h and then irradiatedto 10 Gy or
sham-irradiated using a clinical @Â°Comachine (Theratron 80). At various
intervals postirradiation, cells were harvested for the RNA preparation.

Received 2/1/94; accepted 4/6/94.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18U.S.C.Section1734solelyto indicatethisfact.

1 This work was supported by NIH Grants CA45408 (A. D.) and CA63023 (M. J.).

2 To whom requests for reprints should be addressed, at Georgetown University

Medical Center, V. T. Lombardi Cancer Research Center, Department of Radiation
Medicine,3800ReservoirRoad,N. W.,Washington,DC20007-2197.

3 The abbreviations used are: PCR, polymerase chain reaction; EF-18, elongation

factor 18; cDNA, complementaryDNA.

GATC 123456789

46Obpâ€”@@@ @.- -

-@

â€”@

@ â€”:- -@ @Â°*Iu@@@

dlj@

:Eh. :::i@
Fig. 1. Differentially expressed mRNAs at various times after radiation exposure.

mRNAs from SCC-35 were reverse transcribed with T25NC and a random primer B
(AGTCAGCCAC). The PCR reaction was carried as described in â€œMaterialsand Meth
oth.â€•Lanes 1â€”9correspond to times 0, 15, and 30 mm and 2, 4, 6, 8, 10, and 12h,
respectively. 0, A, T, and C, nucleosides representing the size markers of M13 DNA
sequencing. Arrow, differentially expressed candidate cDNA (TC-B1). bp, base pairs.
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INDUCtION OF EF-iS BY IONIzING RADIATION

The technical details of the reverse transcriptase-PCR for differen
tial display were optimized for five different random primers with

four different anchored primers. This resulted in 20 combinations of
reactions in time course experiments. Following exposure of cells to
10 Gy of ionizing radiation, cells were harvested at various times: 0;
15 and 30 min; and 2, 4, 6, 8, 10, and 12 h for RNA preparation. The
optimized conditions for PCR-based differential display assays of
mRNA have provided highly reproducible results as a function of
time. The predominant patterns of gene expression showed invariable
levels. Several genes, however, were observed to be either increased
from or decreased below basal expression levels in a time-dependent
manner following irradiation. As shown in Fig. 1, one set of primers
revealed a differential display pattern [TC-B1 (Fig. 1, arrow)] and
several constitutively expressed genes. Sequencing analysis of this
gene, with the use of the GenBankIEMBL and PIR/Swiss databases,
identified it as EF-18 (Fig. 2).

To correlate the differential display findings to conventional North
em analysis, exponentially growing cells were irradiated with 10 Gy
of ionizing radiation. The total RNAs were extracted and probed with
the cDNA fragment TC-B1 (460 base pairs). Fig. 3A shows the
time-dependent induction of EF-1& gene expression after exposure to
radiation, confirming the findings from differential display. Densito
metric measurements (Fig. 3B) show the maximum expression level
of EF-1@at 8 h, followed by a subsequent decrease to basal levels. To
determine whether EF-iB is induced in the absence of protein syn
thesis, the cells were treated with cycloheximide (10 @g/ml)for 30
mm prior to irradiation (10 Gy). Northern analysis revealed that de
novo protein synthesis was required for the induction of EF-18 fol
lowing ionizing radiation exposure (data not shown).

Since cell cycle progression for meiosis and mitosis requires pro
tein synthesis, we investigated whether the EF-18 is activated in a
certain stage of the cell cycle in SCC-35 cells. As shown in Fig. 4, the
G2-M block was prolonged up to 20 h. The observation of EF-16
expression enhancement 2 h after irradiation shows that it clearly
precedes G2 arrest in these cells.
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Fig. 3. Northern analysis of total RNAs isolated at various times after radiation exposure. Total RNAs of SCC-35 were isolated and hybridized with the radiolabeled cDNA fragment,
TC-B1[460basepairs(bp)].Theexpressionsof mRNAwerequantifiedusingdensitometry.A,Lanes1â€”9,differenttimepointsafterradiation(0, 15,and30 rainandand2, 4, 6,
8, 10, and 12 h). As a control for quantitative analysis, the same membrane was deprobed and hybridized with radiolabeled oligonucleotides (40-mer) specific for 28S. Arrow, size
of EF-16 (960 base pairs). B, Histogram of relative mRNA expression levels at various times postirradiation measured by densitometer.
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5 â€¢ AGT@AGC@AC AC@AGCAGAO ATOACOA000 ATGATOAOAT TOACCTGTTT Results
II 1111111 ISISSIIII IISIIISSII SIlISIlIlI
SI 1111111 1111111111 IISISISISI ISIIIIISSI

agccagccac aaoagcagag atgacgaggg atgatgacat tgacctgttt

OGCAGTGACA ATOAGGAGGA GGACAAGOAG 0000CACAGC.
I,Isuli,,s ,,uIII,IsI ulsIselIll
IllIulIlls @,uIsIIIsI â€¢.stIsiIss

ggcagtgaca atgaggagga ggacaaggag gaggoacago tgcggg. . .3
Fig. 2. Nucleotide sequence of the TC-B1 clone. Plasmid DNA from 10 individual

bacterial colonies were isolated, and they assured the size of inserts by endonuclease
restriction digestion with EcoRI. DNA sequence analysis showed that all of them con
tained the same sequences, identified as EF-iB. The TC-B1 cDNA fragment sequence
(capÃ¼alletters) and the GenBank EF-16 sequences (lower case letters) are compared and
the primer sequences are underlined.

[a-35S]dATP(1200 Ci/mmol;DuPontNew EnglandNuclear)for 1.25 mm at
94Â°Cfor 1 cycle; 15 5 at 94Â°C,1.25 mm at 40Â°C,and 30 s at 72Â°Cfor 40
cycles; and 4.25 mm at 72Â°Cfor a last cycle. A 3.5-pi portion of each sample
with 2 ,.d of the stop solution was denatured for 2 min at 80Â°Cand loaded on
a 6% sequencing gel. The sequenced M13 DNA was used as a size marker.

RNA Isolation and Northern Analysis. Total RNA or mRNA was iso
lated from irradiated or sham-irradiated cells by using the mRNA isolation kit
(Invitrogen) and RNazolB (Tel-test, Inc.). Reamplified and cloned cDNA
probes were radiolabeled with [a-32P]dCTP by using the random nick trans
lation kit (Amersham) and used to detect the expression level and the size of
RNA transcripts of these genes. The total RNA was fractionated on 1.2%
formaldehyde agarose gel and transferred onto a nylon membrane (Schleicher
& Schuell). A control hybridization with 285 determined the quality and

loading quantity of RNA.
Cloning and DNA Sequencing. Reamplified cDNAs were cloned into the

PCR II vector using the TA cloning kit from Invitrogenand digested with
EcoPJ to confirm the size of PCR products. The plasmid DNAS were se
quenced according to the manufacturer's procedure using the Sequenase kit

(United States Biochemical Co.).
Cell Cycle Analysis. Cells were harvested in logarithmic monolayer

growth and reseeded into 25-cm2 tissue culture flasks at 106 cells/flask. The
flasks were incubated at 37Â°Cfor 24 h and then either irradiated to 10 Gy or
sham-irradiated. At various intervals postirradiation, pairs of irradiated and
unirradiated flasks were harvested. Cell nuclei were prepared for flow cyto
metric analysis using the method of Vindelov et a!. (13). The nuclei samples
were analyzed on a Becton-Dickinson FACStarâ€•Â°instrument and the percent
age of nuclei with G2-M DNA content was determined by computer analysis
of DNA histograms with Modfit software.
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Fig. 4. Radiation-inducedG2-Mblock in SCC-35cells. Cells wereharvestedatvarious
intervals postirradiation or after sham-irradiation. Cell nuclei were prepared for cytometric
analysison a Becton-DickinsonFA@Starâ€•Â°Â°instrument. @,unirradiatedsamples;A,
irradiated samples.

Discussion

The PCR-based differential display assay has provided important
applications for the investigation of cellular gene expression. We have
used this technique to identify differentially expressed genes at van
ous times after ionizing radiation in the human head and neck squa
mous carcinoma cell line, SCC-35. We have observed 6 different
patterns of displayed genes with 20 combinations of reactions in this
study. The sequencing analysis, however, revealed that certain pat
teflis displayed more than one gene. Therefore, the further study with
Northern analysis is essential to confirm the specific gene expression
patterns corresponding to that of differential displayed genes.

One of these differentially expressed genes was identified as EF-18.
It is a subunit of EF-1, which is a protein complex that participates in
the elongation step of mRNA translation (14â€”16).The complex
consists of four subunits, a, (3, -y, and 8. The @3and y subunits form
a tightly associated complex (EF-lfry) to which the 8 subunit binds
loosely, and they are identified as a potential p34CdC2substrate (17).
EF-1@3'yalso plays a possible role for translation inhibition in M
phase. Furthermore, EF-1@3y@has been reported as a major substrate
of maturation-promoting factor (18). The correlation of both matura
tion-promoting factor activity to G2-M transition and radiation sensi
tivity to the extent of 02 arrest provide an interesting observation that
needs to be addressed by further studies.

The differentially expressed genes following ionizing radiation can
be effectively investigated using this modified application of differ
ential display. Using the combinations of primers reported here, one
gene (EF-16) has been identified and characterized as a radiation
inducible gene. Since the correlations of cellular factors and radiation
sensitivity of human tumors are currently an area of intensive inves

tigation in radiation biology, this application offers insight into ques
tions about the molecular events in radiation sensitivity.
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