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A. BRIEF INTRODUCTION.
1. J2_ppa!_r Followlng_lonlzin_o Radiation. DNA repair processes which are
stimulated by X-ray-induced DNA damage are poody understood. Two such repair
processes, PLDR and sublethal damage repair, may be the same manifestations of a
series of common enzymatic steps. PLDR, defined as the survival enhancement

r 'observed after subculture delay of cells following ionizing adtat0on, has two distinct
phases based upon DNA lesion repair and survival recovery studies (1). The first phase
of PLDR occurs very quickly (tire:2-20 mins) to increase the survival of X-irradiated cells
and to mend the vast array of DNA lesionscreated by ionizing radiati'..'n, lt is associated
with a rapid resealtng of sing_e-,and later on, double-stranded DNA lestons which are
either created initially by X-rays or produced as a result of the repair of various types of
base damage (1). The second slower phase of PLDR proceeds muctl later (i.e., >1-2
hrs) following X-irradiation, during which the remaining double-stranded DNA breaks
are completely repaired. This second phase of repair closely corresponds to the
restructuring of gross chromosomal damage, and can be partially blocked in some
human cells by inhibiting protein synthesis (1,2). This slower phase of PLDR correlated
with a rapid decline in X-ray-induced transformation of normal cells.

In therory,the fast componenl of PLDR may be due to constitutively synthesized
enzymes [such as DNA ligases, topoisomerases, or polymerases (3)], which act
immediately to repair damaged DNA. In contrast, the slow phase of PLDR in human
ceils may require the induction .of specific genes and gene products involved in the
repair of potentially lethal or carcinogenic D_'_A lesions, including more complex
chromosomal damage. PLDR responses which reiy upon inducible genes and proteins
may be further enhanced if mammalian cells were "adapted" via prior exposure to low-
doses of ionizing radiation. Thus, X-ray-inducible genes and proteins may play a
number of roles in adaptive survival responses in human celts, including cell cycle
control, the regulation of DNA repair processes, and the suppression of tumor formation
through error-correcting.,DNA repair proof-reading activities.
2. Are DNA Repair Systems Induced By D.NA Dama_oe_. A number of
experiments with mammalian cells indicate that inducible physiologic responses (i.e,.
the production of new genes/proteins) may affect radioresistance, mutagenesis, and
carcinogenesis, although much of the evidence is indirect (4). The response of a given
cell to DNA damage may depend upon a number of factors, including:(a) the necessary
time required to repair the entire genome; (b) the ability to induce or constitutively
synthesizethe necessaryrepair pathways;(c) the extentand l?Li_eof initial DNA damage
created by the cytotoxicagent; and (d) the cell'sstate of division. Under the influence of

" ' irepeated tow doses of aonmzng radiation, cells may respond by demonstrating an
"AdaptiveResponse"to higherdoses of that same cytotoxicagent.

Adaptive survival responses are observedwhen cells are repeatedly treatectwith
low doses of a cytotoxicagent (i.e., primed) and subsequently challenged with higher
doses. "Primed" cells survive better than "unprimed" ceils following a high dose
challenging event. DNA repair enzymes are thought to play key roles in adapting cells
to a given DNA damaging agent.
3. _YcBly.___LGenes__.l.0JiL_.1.oteins __yntheSriZed By Mammalian Cells
F_011owinolIonlzln__j].. Induced gene products (i.e., proteins) specifically
synthesized in response to physiological doses of ionizing radiation in radioresistant
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• human melanoma (U1-Mel) cells, and in a variety of other human normaland cancer-
prone cells, were identified usingtwo-dimensionalgel electrophoresis(1). U1-Mel cells
were chosen since they have one of the highest PLDR (potentially lethal damagerepair)
capacities for survival recovery known. We identified and partially characterizedten
proteins synthesized by U1-Mel cells. "['he synthesisof eight of tl_ese proteinswere
specificallyinduced by ionizingradiationancltwo proteinswere repressed. Neitherheat
shock, UV-irradiation, nor bifunctionai alkylating agent treatments resulted in the
inductionof these proteins. The expressionof one protein,termed XIP269 to indicatean
_.-ray-Jnduced P__roteinof approximately269 KDa, correlated very well (r=0.89) with
PLDR capacity (1). This protein rWaSfound to be down-regulated by exposure to
caffeine or cycloheximide, under conditions in which both PLDR and subsequent
adaptive survival responses were prevented (1, 5, Unpublished Data). XIP269 was
induced by as little as 5 cGy. lt is, therefore,a good candidate for playinga role in DNA
repair processes which might involve adaptive survival responses, and this protein is
currentlybeing isolated in sufficientquantityfor reversegeneticcDNA cloning.
B. PRELIMINARY DATA
1. ,_terlzation .Of X-Rsy-lndgced .cDNA ._,lones (Ij_... xlDl-12.__
_,,Lg.tg._DOSe o| Ionizino Radiation. The data in this section is background
preliminarydata whichcharacterizes the inductionof xipcDNA clones after acutedoses
of ionizing radiation, lt is included in this Progress Report to clarify the induction
characteristicof each of the xipClones.

In addition to the characterizationof several XIPs, we have isolatedtwelve X-ray-
induciblecDNA clones (i.e., xipl-12) from U1-Mel cells via differentialhybridization(6).
Some of these genes were induced over 20-fotd above backgroundlevels by as littleas
5-20 cGy. Using partial DNA sequence data, we have identified four of these cDNA
clones a._ known human genes: DT Diaphorase, tissue-type Plasminogen Activator
(6,7), tl_ymidinekinase, and the proto-oncogene,c-fps/fes. The additionaleightcDNA
clones (i.e., xipl,2,4,5,7,8,10, and 12) representunidentifiedgene transcripts,but have
only regional homologiesto various known genes (6). Table 1 summarizes what we
know aboutthese genes at the presenttime.

We have also investigated the kinetics and specificity ,of inGuctionof the xip
transcripts using xip cDNA clones as probes on Northern blots. We investigatedthe
temporal expressionof xip mRNAsfollowinga singledose of ionizingradiation(i.e., 450
cGy). Confluence-arrested U1-Mel cells were treated with ionizing radiation and at
various times RNA was extracted, xip mRNA levels were then monitoredby RNA dot-
biot analyses using individually32p-labeled xip cDNA insert probes and appropriate
loadingstandard probes (either B-2-microglobulinor the 36B4 homeostasisgene). The
levelsof induction for xipmRNA transcriptsvaried fromslightlyless than 4-fold for xipl 1
to greater than 226-fold for xip12 (6). Peak levelsof xip mRNA transcriptsvaned in time
from 2 hfs to 14 hfs (Table 1).

Without exception, ali of the ×lp mRNA transcripts were transiently induced
following ionizing radiation exposure, althoughtheir patterns of peak inductionvaried.
With tt_eexceptionol an early peakof xip6 (i.e., t-PA), aliof the X-ray-inducedtranscripts
were blockedby post-×-raytreatmentswith actinomycinD (5 _g/ml) and all of the X-ray-
induced transcriptsdemonstratedonlyone peak over time. As previouslydescribed(7),
analysis of t-PA mRNA levels revealed two inductionpeaks, an early peak (appearing
between 30 ro;insand 1 hour) which was found to be the result of stabilizationof its
mRNA, artrdanother much larger peak (at 12-14 hours)of t-PA mRNA which was found

- to be the result of new transcription (7).
Times of peak mRNA induction for xip transcripts in confluence-arrested UI..Mel

cells and in normal human fibroblasts are summarized in Table 1, and ranged from 1 to
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14 hours. Many of the X-ray-inducible transcript¢ (i.e., xips2, 3, 4, 5, 9, 10, and 11) were
expressed within the first 4 hours in both U1-Mei and GM2936B cells following X-ray
treatment. Since xip clones were selected from a cDNA library made from Ul-Mel cells
4 hours after X-ray exposure and since cDNA probes used in differential hybridization
were made from 4 hour time points, it is not surprising that the majority of xip transcripts
isolated were expressed at peak levels within the first 4 hours after irradiation.

, .,

Tabio 1. SUMMARY OF X,RAY,INDUCED CLONES AND CORRESPONDING TRANSCRIPTS,

xlp eDNA Northern MW1 X-Fold 2 mRNA Indu©t_on Peak 3
Clone (Kb) Inducibility (Time, Hrs.) RELATIVE 4 DNA 5

................ U1-M_ C_ U1-M__ _ GI_61_. .....ABUNDA.NCE__H _
xlp 1 2.0 50 1 3 10 1 2 Low Gyro. p450-EtOH

Inducible (67)

xlp 2 8.0 230 5 2 4 High UNKNOWN

x_p 3 3.0 38 3 4 2-4 Medium OT Diaphorase (89)

xlp 4 2.2 47 3 4 4 Medium UNKNOWN

xtp 5 7,0 30 4 4 4 Medium UNKNOWN

xip 6 3.2 150 5 14 4,6 High t-PA (96)

xip 7 6,2 11 3 12 4-1 2 Low RAG=I (62)6

xlp 8 4,8 18 3 10 12 Low h=p prot. mRNA (49)

xtp 9 4.6 83 2 3 3 Low c-fps/fes (60)

xlp 10 2.5 35 4 4 4 Medium UNKNOWN

xlp 11 1,2 8 2 3 1-2 Low Thym, kinase (85)

xlp12 10.0 9 3 6-8 4-6 Low Anglogen. Factor (55)

1 RNA Northernblot, dot-blot,and scanning densitometri_analyses were performedon Zeta-probe stripscontaining
total RNA derived from unirradiatedas comparedto irradiated(450 cGy) confluence-arrestednormal human nonfatal
fibroblasts(GM2936B) or Ul-Mel humanmelanomacells as describedin (6).
2 Inductionlevels (i.e., X-fold) were obtained from RNA dot-blotanalyses attimes where peak levelsof mRNA were
noted (6). Relative rnRNA ratioswere calculatedby dividingthe levelsof xip mRNA_ranscriptsby the mRNA levetsof a
loadingstandard, either 36B4 or 8-2-microglobutinas described in (6). Ratios obtainedfrom X-irradiated RNA were
comparedto thosecYotained_rornRNA of unirradiatedc_lls. Ratioswere confirmedby NorthernRNA b_otanalyseswhen
xip mRNAtranscriptswere visible.
3 Confluence-arrestedGM2936B or Ut.Mel human cellswere treated withor wilhoutionizingradiation (450 c'Gy)and
RNA was harvested at varioustimespost-irradiationas described(6). xipmRNA levelswere then analyzed via dot-biot.
Peak xiprnRNAlevels, and times of appearance,were derivedfromdata presented(6).
4 Represents a subjective measure of the relative abundance of xip mRNAs usingt-PA as a relatively abundant
transcriptfollowing ionizing r,adiation0and thymidinekinase as a relatively rare rnRNAtranscript in unirradiatedor ×-
irradiatedceils.

5 DNA sequence data was obtained from both the T7 and T3 primersk_catedon the 3'- and 5'- ends, respectively,of
each xip pBluescriptcDNA ck:meand anaJyzedas described in (6). The homologyreporte<_represents the percentage
of similarDNA sequences toknowngenes at bothends of the cDNA inserts.
6 RecombinantActivatingGene-1.

The expression of xip transcripts was also examined following various doses of
ionizing radiation (i.e., dose-response curves for xip expressions were constructed).

" Confluence-arrested UI-Met cells were exposed to various doses of ionizing radiation
and RNA was extracted at periodic intervals thereafter, corresponding to the optimal
expression times of each xip transcript, xip transcript expression was subsequently
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monitored, xip transcripts hybridizing to xip cDNA clones, xipsl-8, 11, and 12 were
induced maximally at a dose of 500 cGy. Many of these and other xip transcripts(i.e.,
x/ps1, 2, 4, 5, 6, 9, 10, and 12) were inducedby as littleas 5 cGy. Other xip transcripts
(i.e., x/p3, 7, 8, and 11) were notinduced unlessUI-Mei cellswere exposedto a dose of
at least200 cGy.

We also examined whether or not the xip transcripts were induced by other
cytotoxicagents(6)? Confluence-arrestedUl-Mel cells were treated with various doses
of ionizingradiationand other cytotoxicagents, includingUV=irradiation,PMA, and heat
shock. U1-Melcells were exposedto"X-irradiationdoses of 200, 500, and 700 cGy; UV-
irradiationdosesof 1, 10, and 30 Joules/M2;PMA doses of 1, 10, and 100 nM; and heat
shock at 44 oC for 1 hr._The heat shockdose chosen was previouslyshownto resultin
the synthesisof several known heat shockproteins (1,8). Doses of UV-irradiation and
PMA were chosen since these were previouslyshown to result in the inductionof high
levels of t-PA (i.e., xip6) (7). After exposure to these cytotoxic agents, RNA was
extracted in a terhporaifashion from U1-Mel cellsat 0 m/ns.,10 m/ns, 30 m/ns, 2 hrs.,4
hrs,, 8 hrs., 12 hrs., 24 hrs., and 48 hre. After dot-blotting onto nylon membranes, the
RNAs were probedwith PCR amplified,32p-labeled xipcDNA inserts. Exposure of U1-
Mel ceils to ionizing radiation providedthe greatest stimulus for the production of xip
mRNA transcripts(6). Only t-PA mRNA levelswere inducedto greater overall levelsby
UV-irradiation and PMA exposure than by ionizing radiation, mRNA transcripts
correspondingto xip4, 7, and 12 were only induced by ionizingradiation, x/pl, 2, 10,
and 11 were, for the most part, greatly induced by ionizing radiation, and only slight
increases in the production of these mRNAs were observed following UV-irradiation.
These X-ray-inducibletranscriptswere either not affected at all, or only slightlyinduced
by PMA or heatshocktreatmentsduringthe time frames examined, x/p3, 5, and 6 (i.e.,t-
PA) were induced by ali of the cytotoxicagents tested, except for heat shock. This is
an Important finding with respect to adaptive survival responses, since

, x/p5 was one gene whose expression dramatically increased during low
dose priming exposures. Since its expression Increased in response to
several cytotoxi¢ agents, this gene may play a role in the establishment of
other forms of adaptive responses to other agents. Both xip3 (i.e., DT
diaphorase) and x/pl1 (i.e., thymidine kinase) were induced by ionizing radiation and
UV-irradiation, but not by PMA or heat shock treatments. Only x/p8 was induced in
response to ionizingradiation and PMA, but not by UV-irradiation. Exposure of U1-Mel
cells to heat shock did not result in an increased productionof any of the xip mRNA
transcdptso Instead, the basal control levels of x/p4, 7, 11, and 12 were decreased
followingheat shock. The remainingxip mRNA transcriptswere not affected by heat
shock.

Could the induction of these genes and their respective protein products
followingDNA damage be directlyor indirectlyinvolvedin DNA repair? Are these gene
products also responsiblefor adaptive survivalresponses? Inthe firstyear of thisgrant

' we have begun to investigatethese possibilities, as well as to identify additional gene
transcripts and products which play a role(s) in mammalian DNA repair processes,
which ultimately lead to adaptive survival responses.

2. PRELIMINARY DATA ADDRESSING THE SPECIFIC AIMS.
: jf_[.y.lLO.tj]_=_LE0.._;L._pecificAlr_l._..The hypothesis that we are testing is that

specific gene transcripts are either induced or stabi//zed following /gw
doses of ionizing radiation. These transcripts result in the production of
new gene products which give rise to an __p_2tJ.y_,_..r.y_]Ej___resDonse,

i
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ultimately leading to Increased radioresistance as a result of Increased
DNA repair processes.

a. AdaDtlveRes_Donsg..LJg.__lZ[fferentHuman CPJJl. in the first8 monthsof this
grantingperiodwe havemade great stridesin achievingthe goalsof SpecificAim #1.
Initially, we asked whether or not an adaptive response could be achieved in all, or a
select few, established human cell lines. Two normal human fibroblasts (GM2936B and
GM2907A) as well as three human tumor cell lines (U1-Mel melanoma, HEp-2 laryngeal
carcinoma, and HTB-152 lung carcinoma) were examined for the ability to establish an
adaptive response and for its prevention with cycloheximide treatments (Table 2).'

_. ADAPTIVE RESPONSES IN DIFFERENT HUMAN CELLS 1.
X-RAYCHAI.J..ENGE UNIRFIADIATED LOWDOSE-IRRADIATED

DOSE CELLS1 CELLS
_ ____._________pM........ _ _32:::M _.___

Radioreslstant U1-Mel Tumor Cell=
0.0 100 +2.2% 79 ±3.3% 91 +3.4% 82 ±5.2%

450 24..f.1,6% 9.¢0.9% 56±2.1% 12 ±1.5%
HEp.,2 Tumor Cells

0.0 100±3.1% 85 .+4.2% 88±3.8% ' 85 ±1.4%

400 17.1:0.6°/= 10±0.2% 41+1.2% 12 ±0.1%
HTB-152 Tumor Ceils

0.0 100±49% 79 ±3.1% 89 ±2.3% 71 ±2.9%

400 26 +1.3% 19 +0.4% 17 +0.3% 12 +I .0%

GM2936B Normal Ceils

0.0 100 ±1.5% 82 ±3.4% 93 ±5.8% 87 _3.2

300 21.+.1.9% 13 ±0.6% 26 .+.0.9% 20 ±1.1
GM2907A Normal Cells

0.0 100 +7.2% 93 +5.2% 90 +4.9% 78:1:5.2%

350 18 +3._./_ 15 +2.1% 22 +1.1% 16 +2.1%

1Confluence.arrestedhumancellswere exposedto 5.0 cGy each day for 4 claysin the presenceor
absenceof 5.0 l.lg/mlcycloheximide(CHM). CHMexposureslasted6 hoursaftereachlowdoseirradiation,
aridwas removed. Cellswerethen refedwith freshmediumnotcontainingCHM. Lowdose-exposed
humancells,or humanceilswhichwere notprimedwithlowdoseexposures,werethenchaller_edwitha
highdoseof ionizingrac_ation.The challenginghighclosesof ionizingradiationwerechosenbasedupon
previousequitoxicmeasurements(1) Survivallevels,as measuredvialimiteddilutioncolonyformingability,
w_e._. __rr!e__,r_wereoerforn'_clsixtimes,eachinduDi_e .... ..... _.

These resultsindicatethat followinga seriesof lowdoseexposures,U1-Melcells
were able to survivebetter (i.e., adapt) to a higher challenging dose of ionizing
radiation.Confluence-arrestedU1-1Vlelcells,whichwereexposedto 4doses of5.0 cGy
over 4 days,hadgreaterthantwo timeshighersurvivingfractionfollowing450 cGythan

. did a similar population of U1-Mel cells which were not "primed" with prior exposures to
low doses of ionizing radiation. Cycloheximide treatments (at a dose of 5.0 _g/mi),
given each day for 6 hours after low dose priming exposures of ionizing radiation,
prevented this adaptive response in primed U1-Mei ceils. Similar inhibition of the

5
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adaptive response in Ul-Mei cells was observed following continuouscycloheximide
exposure (0.1 i_g/ml)of lowdose irradiatedcells. Prolongedexposureof Ul-Mel cellsto
cycloheximide did, however, resuttin a high degree of cytotoxicity. These preliminary
resultsindicate that U1-Mel cellsare able to "adapt" to enhancedsurvivalafter repeated
Challengesto ionizingradiationdamage. HEp-2 cells demonstrateda similaradaptive
response as that observed with U1-Mel cells. HTB-152 cells, however, did not
demonstrate an adaptive response.

In contrast, normal human fibroblastcells were not able to carry out an adaptive
response under conditions in which U1-Mel cells did demonstrate such a response.
Repeated exposures of 5.0 cGy to normal human fibroblast cells did not result in an
overall increase the survival of these cells followingan equitoxic high dose challenge.
Expenments with other normalhumanfibroblast cells (i.e., GM2907A and IMR-90) also
did not demonstratea convincingadaptive survival response. In summ;-_ry,onlytwo out
of six cell lines tested have, thus far, demonstrated an adaptive response. ;n future
experiments we will ask "Why do Ul-Mel and HEp-2 cells demonstrate an adaptive
response while normal fibroblasts and HTB-152 cells do not?'. The answer may be
partiallyexplained by the model we have formulated in the next section,whichis based
upon our initial preliminary data on gene expression changes following adaptive and
challenging.dosesof ionizing radiation. The conditionsof growth,the ability of cells to
manufacture needed proteins,and the ability of cells to arrestin certainpointsof the cell
cycle are factors whichprobablylead to the establishmentof an adaptive response.

b..P,,cbaqqes In G_ne Tr_lnsoription Following ,A.daDtive and Challenuina
Doses of ionizing R_adla.tlgJl. We have identified a number of gene transcripts
whose expressionschange due to low dose priming (i.e., 5 cGy) exposuresand/orafter
a high dose chaZlenge(i.e., 450 cGy) (ref. 9). We have also expanded our search for
changes in gene expressionto includeexamining proteinpatternsvia two-dimensional
gel electrophoresisfor changesdue to low dose primingand a highdose challenge.

The goals of Specific Aim #1 were to: test if the X-ray-induced cDNA clones
already isolated (Table 1, xipl to xip12) were induced by low dose_, of ionizing
radiation, and if they accumulate in human cells upon repeated exposures to small
doses of ionizing radiation. Conventional Northern, dot-blot,and nuclear run-on RNA
analyses will be utilized to investigatethe overall levels of induction and the rates at
which these new transcripts are produced following repeated low doses of ionizing
radiation. We will also screen low dose-irradiated human cells with probes
correspondingto the cDNA whichencodes XIP269. We are currentlyin the processof
cloningthis cDNA via reverse genetic approaches,beginningwith antibodiesproduced
from purified protein_trom2-D gels.

Thus far, we have tested "adapted" or "unadapted" U1-Mel cells for changes in
gene expression in four xip cDNA clones (xipl, 3, 5, and 12) and for changes in the
expression of various known genes, such as cyclin A, cyclin B, small nuclear protein,
and glutathione-S-transferase. Confluence-arrested U1-Mel cells (grown in two.
hundred, 150 mm2 tissue culture dishes) were exposed to 5 cGy each day for 4 days to
establish a "primed" state. Control cells were treated in an identical manner, but without
exposure to ionizing radiation each day. After each priming dose, RNA and protein
samples were extracted to be later used in Northern and subtractive hybridization
experiments and for two-dimensional gel electrophoretic analysis of protein patterns,
respectively. Enough RNA was isolated to identify changes in gene expression usiT_g
both Northern analyses via known (including the xip cDNA clones) cDNA probes and .or
the isolation of other, more low abundant, gene transcripts which increase in response
to vadous low and/or hi,;]hdose ionizing radiation stimuli by subtractive hybridization.
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Flow cytometric analyses and [3H]!hymidine-labeled nuclei measurementswere made
throughoutthe experimentto examine the state of cell divisionof U1-Mel cellsduringthe
adaptive and challerxjingdoses of ionizingradiation. Confluence-arrestedU l-Mel cells
were treated as follows(Figure 1): Xi', 5 cGy on day 1; X2', 3 cGy on days 1 and 2;
X3', 5 cGy on days 1, 2, and 3; X4', 5 cGy on d_,ys 1, 2, 3, and 4; X4',450, 5 cGy on
days 1, 2, 3, 4, followedby 450 cGy on day 5; X4',450 + Act D, 5 cGy each day on days
1, 2, 3, and 4 in the presence of 5 p.g/mlactinomycin D for 5 hours post-irradiation,
followed by 450 cGy on day 5 in the presenceof actinomycinD for 5 hours. X4s0, 450
cGy to unadapted cells on day 5; U1, unirradiatedconfluence-arrestedU1-Mel cells on
day 1 of the experiment;U2, unirradiatedconfluence-arrestedU1-Mel cells on day 5 of
the experiment.
i. Chan_oes In xip+Transcripts. The expression of xip5 was dramatically altered by
low dose priming(Figures lA-lC). Levels of xip5 mRNA graduallybuilt up after eacl_
exposure to the 5 cGy priming doses of ionizing radiation (Figure lA). Likewise, a
mRNA transcriptrelated to xipl 2 (a 500 base transcript)graduallybuiltup in responseto
low dose primingevents (Figure 1C). The gene transcriptcorrespondingto the original
xip12 cDNA clone (i.e., a 10 Kb) did not change, except in responseto a high dose of
ionizing radiation,and the levels of expressionof this gene were not different between
primed and unprimedcells receiving 450 cGy. The overall levels of both xip5 and the
xip12-related gene transcripts in primed cells followinga highdose challenge were not
as high as those observed in unexposedU1-Mel cells followinga single highdose (i.e.
450 cGy) of ionizing radiation (Figures 1A-C). This may signify a control of gene
expression due to low dose exposures. Possibly, low dose primed cells may quickly
reach plateau levelsof expressionof xip5 and xip12-relatedgenes. Primed cells do not
therefore respond in the same way that unirradiated U1-Mel cells do, by inducing
massive quantitiesof xip5 or xipl 2-related gene productswhen exposed to high doses
of ionizing radiation. Treatment of UI..Mel cells with actinomycinD for 5 hours after
each exposure to ionizing radiation prevented the expression of xip5 both during
priming, and followinga high dose challenge (Figure 1B). These results indicate that
new gene transcription, and not mRNA stabilization, is responsible for the dramatic
increases in xip5 expression followingexposure to ionizing radiation. Similar results
were found forthe xipl 2-related transcript(data notshown).

7
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• Since the gene for xip5 is being characterizedand sequenced we can now ask
several questions regarding the gene's function, which were previously outlined in
SpecificAim #3: "What is the functionof thisgene transcript? Does it controlDNA repair
and the adaptive response, or is this gene simply the result of a vast number of
regulatory changes occurring during low close exposures to "adapt" the cell for
increased repairand survivalin response to highcloseionizingradiation exposure. We
are in the processof constructingantisenseoligosand expressionvectors to specifically
prevent the low dose induction of this gene. Once we are able to specificallyprevent
xip5 inductionduring the adaptive responsewe will then changes in survivaland DNA
repairas outlinedin SpecificAim #3.

Similar questionscan be asked of the xip12-relatedgene, only after it'stranscriptis
isolatedand cloned. We plan to generate variouscDNA probes from the xip12 cDNA
clone via restrictionenzyme digestion. Once a piece of the xip12 cDNA is foundwhich
binds stronglyto the 500 bp region in RNA isolatedfrom adapted U I-Mel cells, we will
screen for a full length cDNA clone using an adapted, X-ray-induced U1-Mel cDNA
library,whichis being constructedfrom the RNA of U1-Mel cells exposed to primingand
challenging doses of ionizing radiation as described above. Questions as to the
functionof the xip12-relatedcDNA clonemay thenbe asked.
Ii. Chanaes In Selected Known Gene Transcripts Followina Ioni=lna
Radiation. We have also used the RNA generated from the adaptive response
experiment above to screen for changes in the expressions of various known genes
(Figures 1D-1F). CyclinA, and to a lesserextent,cyclirlB were induced in primedcells
followinga highdose challengeof ionizingradiation(Figures lD and 1E). Cyclingenes
were examined initiallysince XIP proteinswere known to be cell cycle regulatedand
since changes in cyclin B were reported followingacute doses of ionizing radiationin
HeLa cells (10)o Interestingly,changes in the expressionof either cyclin A or cyclinB
were not observed in untreated (i.e., "unadapted') U1-Mel cells, either exposed or not
exposed to a challenging high dose ot ionizing radiation. Other genes, such as
glutathione-S-transferase(Figure 1F) and the small nuclearprotein (not shown)did not
change, either following adaptive low dose or high dose challenging exposures.
Ethidium bromide stained gels were included to demonstrate small differences in
amounts of RNA loaded. For example, lane 2 was loaded with slight more RNA than the
other lanes and slight increases in transcript levels in these wells must be compensated
for. After densitometric readings of band intensities, cyclin A was found to incre_se 3-
fold, while cyclin B levels increased 50% in primed cells exposed to 450 cGy compared
to unadapted cells treated with 450 cGy. The data obtained thus far with these gene
transcripts can be formulated in a model of how the adaptive response may be achieved
in certain cells, and is diagramed in Fioure 2 below (ref. 9).
C. Are Changes In Cyclin A and Cyclin B Responsible For The Adaptive
Response? A Proposed Model. At present, cyclinA and cyclin B are genes which
are known to controlthe progressionof eukaryoticcellsthrough cell division. Yet under
the conditions of our experiments, U1-Mel cells did not progress into S-phase as
observed by [3H]thymidine-labelednuclei (Figure 2) and flow cytumetric analyses (not
shown). The inCuctionof cyclin A under these conditionsmay indicate an involvement
of this gene product in stimulatingDNA repair, withouta full stimulationof cell division..
This could be due in part to a lack of ali nec_ssaryfactorsto push UI-Mel cells intocell
division (includingspace limitations)as well as the X-ray-inducibleexpressionof certain
genes which prevent movement through cell divisionafter DNA damage [e.g., the
growth arrest and DNA damage-inducible (gadd) genes (11,12)]. Based upon these
preliminary data we have developed a model in which an adaptive response may be
achieved in mammaliancells (Figure 2)."
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. FIGURE 2. Model Explaining the Establishment of An "Adapted" Condition.
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Initially,cells are arrested in Go or at somepointin G1. Upon repeated exposures
to low doses of ionizingradiation (i.e. 5 cGy per day for 4 days) cells progress to, and
arrest at, an "A" (for "Adaptive")arrest point at or near the G1/S border of the cell cycle,
thus explainingthe reac;;lyinducible 19velsof cyclinA after highcloseionizingradiation
exposure; cyclin A levelsbegin to appear at the Go/G1 border(10). lt is possiblethat
gene transcripts which build up slowly in response to primingdoses (i.e., xip5 and
×ip12-relatedmRNAs) produce proteinsthat regulateor controlthose transcriptswhich
appear only in responseto a high dose challenge (e.g., cyclin A). At the "A" point,
cells are "poised" to stimulate various DNA repair systems which are not
inducible in the initial Go/Gl-arrested state, but are eventt_ally required to
establish an "Adaptive Response". We will attempt to test this model using the
techniques and experimental plan outlined in Specific Aim #3.
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D. Future Investigations.
1. Continued Studies: Year_ 2.

In the secondyear of ourstudieswe will continue screeningfor changes in known
genes and xip transcripts using the RNA isolated in Specific Aim #1. Once a gene
transcript has been identifiedwhich is affected by low and/or high dose exposures of
ionizing radiationwe will study these genes in terms of the goals identified in Specific
Aim #3.

In the later part of Year 1 and the early part of Year 2, we will begin to construct
cDNA libraries using "primed or adapted* U1-Mel cells either exposed to, or not
exposed to, a highdose challenge of 450 cGy ionizing radiation° cDNA libraries from
unirradiatedU1-Mel cells and fromsinge-dose-exposed(450 cGy) U1-Mel cells will also
be constructed for use in subtractive hybridization screening. We will construct
subtracted librariesfrom primed as comparedto unprimedconfluence-arrestedU1-Mel
cells and from primed U1-Mel cells exposed to, or not exposed to, a 450 cGy
challengingdose of ionizingradiation.

The experimentsdescribed in SpecificAim #2 will net, however, be completed in
the course of this grant, lt will take 3 to 5 years to isolate, identify,characterize and
determine the function of low abundance gene transcripts which are affected by low
dose priming and/or high dose challenging exposures of ionizing radiation. The goals
of Specific Aim #2 were: to use subtractive and/or differential cDNA cloning
hybridizationtechniques to select for, isolate, sequence, and characterize new mRNA
transcripts induced following repeated low doses of ionizing radiation as compared to
unirradiated or high dose-irradiated human melanoma cells. DNA sequences of the
isolated low dose-induced cDNA clones will be obtained, compared to previously
sequenced genes via GenBank analyses (including the xip genes 1-12 previously
discussed), and their temporal inductionlevelswill be characterized.

The nature of these goals are long-term,and will requiredadditional funding and
several _'ears to complete. The experiments are essential to better understand the
genes which control the adaptive response and DNA repair processes following
ionizingradiation. We will, of course,begin these experimentsbut the resultsmust not
be expected for several years. Isolationand characterization of genes controllingthe
adaptive response will be required to better understand radioresistance, and how it
develops in certainhuman and other mammaliancells.
2. Investigation Of The Function(s) Of Gene Transcripts Which Vary
During The Establishment Of Adapted Conditions. Now that two classes of
ge_'_eshave been found whichare alter duringlow dose exposure,we may now beginto
inve,_tigatewhat their functionsare duringthe adaptive responsein U1-Mel cells (Figure
1). Class I genes (i.e., xip5 and the xip12-related transcripts)are those that build up
slowlyin responseto low primingdoses of ionizing radiation. Class II genes (i.e., cyclin
A and B) are those which appear not to be affected by low dose adapting doses of
ionizingradiation,but then appear in responseto a highclosechallenge. Since Class II
genes do notappear after singleacute dosesof ionizingradiation,these genes may be
directly involved in the subsequent radioresistance which accompanies the adaptive
response. As outlinedpreviously,we will investigatethe functionsof these genes using
the techniquesand experimentalplan outlined in SpecificAim #3.

The goals of Specific Aim #3 were' once low-dose induced eDNA clones have
: been isolated, we will investigate the function of these cDNA clones via antisense cDNA

constructs. The effects of ,S.9..e_gJJ_gene down-regulation on cell suwival recovery (i.e.,
PLDR), adaptive responses, and physical DNA break repair (using alkaline and neutral
filter elution techniques) will be examined. Antisense cDNA constructs corresponding to
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any of the twelve xip clones which demonstrate low dose induction in Specific Aim #1
will be constructed and utilized to determine thei_r invo!vement in repair and/or
radioresistant adaptive responses. Conventional plasmicltransfection or a new HSV-I
viral vector capable of holding up to 40 Kbp of inse_ed cDNA will be utilized for these
experiments (13). Northern b_otand nuclear run-on .RNA analyses will be utilized to
ensure that specificgene down-regulation (correspondingto the chosen xip gene) has
occurred, Once candidate eDNA clones thought to be involve.din DNA repair have
been isolated, complernentation studies (via eDNA clone transfection into various
cancer-prone cel_s)will be attempted to investigatethe possibilityof correcting(probably
pa_irat correctionwilt result)indtviclualDNA repairdefects in cancer-prone cells. We will
initially focus on cl,oning anciifunctionat._ycharacterizing the gene for XIP269 (for which
we already have a polyclona/ antibody), since it haS previously been shown to be
involved in DNA repairprocesses foil,owing ionizing rr'_dlatior_(1,5).

Using eDNA clones for cyc_tnA and cyclin 'B as we.lias for xip5 and the xip12-
related cDNA, we hopeto begin the experimentsoutlinedJnSpecific Aim#3. The cDNA
c_onesgenerated in 'Specific Aim #2 wil,lalso be investigated using this exped,mental
plan, when these cDNA clones have been isolated and characterized.

E, Previous Time Frame of Investigations.
As a reminder, ! have included my original time frame of experimentation !n the

iv_itiatgrant proposal, We have made greatprogress inthe first year of this .proposal,yet
we have a long way to go in understar_ctingthe regulation anti function[s) of genes
involved in establishingan "Adaptive Response"in certain humancells, We will foltow
the previously described experimen'talp_anto carry out the goalsoutlined in the ,figure
De,_ow(Figure 3).

The following diagram out.lines the general research ptan of a_ack described in
this proposa_for investi.gatingthe involvement of mRNA transcripts [_duced by _ow
doses of ionizing radiation in adaptive survivalresponses.:
Figure #3.
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Please note that I had originally requested a 5 year granting p.e.rto,d.The [.ong-term
goals of this project wilt require additi.ona.I,fund.ing, yet at a lower overall annual cost,
after the third year.
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Summary. The overall goal of this proposal is to clone low dose X-ray-inducedgenes
via molecular biologycloning techniques. I have been successfulat identifyingseveral
genes whose expressions are alter during the establishmentof, and actual processes
occurring in, the adaptive respons_ of Ul-Mel cells• ! will, in the next year or so,
investigate the kinetics of expression of these genes, and whether or not other
environmental stresses affect the expressions of these genes via Northern biot
analyses. Finally, I will begin to investigatethe function(s)of thesegenes withinthe ceil,
either under normal conditions of growth or following X-irradiaejion. Cor,lplementation
studies, antisense RNA analyses, and DNA repairendpoints (i.e., survival recoveryor
alkaline/neutral filter elution studies) will be combined to examine the possibiBityof
correcting the repair deficiencies and enhancingadaptive survival recovery responsos
in certain human cancer-prone cells. Since many of the xips identified by 2-D gel
electrophoresiswere cell cycle regulated(1), the factorsturningthem on and off withina
normalcell cycle may be clearly related to the events occurringin humancellsfollowing
a genetic insult. This theoryhas been strengthenedby our recent findingsthat cyclinA,
and to a lesser extentcyclin B, change in responseto low dose primingand highdose
challenging exposures 'of ionizingradiation.

F. Human SubJQc_l,. None,

G. __. F;onein this pro)o_al.

H.._quita+,,=tstCollaboret_ors. None.

I. Consortlum/Contr_g.t.lLeJ_Arran_aement_.. None.
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APPENDIX |TEM$.

I, BEP_AND PREPRINTS.

A, included below are reprints and preprints of manuscripts and papers
resulting from the first year of the Department of Energy grant
entitled "Role of X-Ray-Induced Transcripts In Adaptive Survival
Responses Following Ionizing Radiation'.:

1, Fukunaga N, Schea RA, Burrows HL, Meyers M, and Boothman
DA, Enhanced expression of tissue-type plasminogen activator in
humal; cancer-prone as compared to normal human f=broblastcells.
Int. J. Radiat. Oncol. Biol. Phys., 1992; (In Press).

2. McLsughlin WP, Schea R, McKeever PE, and Boothman DA.
Radiobiologicaleffects and changes in gene expression in the central
nervous system in response to ionizing radiation. In" "Molecular
Genetics of Nervous System Tumors'. (Levine, A.J. and Schmidek,
H.H. Eds.) Wiley-Liss, Inc. 1992; (In Press).

3. Meyers M, Sche= R, Seabury H, Petrowskl A, McLeughlin WP,
Lee I, and Boothman DA. Role of X-ray-induced proteins and gene
transcripts in adaptive survival responses in radioresistant human
melanoma cells. In: "Low Dose Irradiation and Biological Defense
Mechanisms', (Takashi Aoyama, Ed.) Elsevier Science Publishers
1992; (In Press).

B. The following preprints contain information pertinent to the enclosed
Progress Report, but are not the result of DOE funding. These
manuscripts are available upon request, but have not been included
with this DOE Progress Report.:

1. Boothrnan, D.A., Wang, M., and Lee, S.W. Induction of tissue-type
plasminogen activator by ionizing radiation in human malignant
melanoma cells. Cancer Res.1991; _,_L:5587-5595.

2. Boothman DA, and Lee SW. Regulation of gene expression in
mammalian cells foJ!owing =ionizingradiation. Yokohama Medicat
Bulletin, 1992; _._:137-149.

3. Boothman DA, Meyers M, Fukunaga N, and Lee SW. Isolation of
complementary DNA species induced by ionizing radiation in human
melanoma cells. Molec. & Cell. Biol., 1992; (in Preparation).

II. Original Northern Figures 1 A-G.






