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Role Of Cell Cycle Regulation and MLHI, A Key DNA Mismatch Repair Protein, In Adaptive Surviw
Responses

1. lNTRODUCTI ON: Due to several interesting findings in our laboratory on both adaptive survival responst
(ASRS) and DNA mismatch repair (MMR), we separated this grant into two discrete Specific ~ sets (each wi
their own discrete hypotheses), The described experiments were sirmdtaneously performed In the first set f
Specific Aims, we examined the role of PCNA, cyclins A and Dl, cdk2, and xips5 & 13 (once cloned) in the GJ{
cell cycle regulation checkpoint, which occurs”in certain human cancer cells during ASRS caused by low do!
ionizing radiation (R) exposures. These experiments entailed cloning xips5 & 13, and then examining the role {
these x-ray-inducible proteins (xips), along with specific cell cycle regulatory proteins (i.e., PCNA, cyclins A ar
Dl, and cdk2), in ASKS. These experiments were performed as a direct continuation of our recent past work c
this DOE grant,

In the second set of Specific Aims, we examined the roIe of the human Dh7A mismatch repair protei
hMLHl, in GJM cell cycle checkpoint arrest, which occurs following IR, 5-fluoro-2’-deoxyuridine (FdUrd), or f
thioguanine (6-TG) exposures; FdUrd and 6-TG were used as positive controls for MMR detection ar
subsequent responses. Our goals in these experiments were to fkt.her explore the apparent dual role of tl
hMLHl protein in both MMR and GJM cell cycle checkpoint regulation, We also examined the potenti
interactions of hMLFfl in ASRS, thus unifying the two sets of Specific Aims. Fhmlly, we have completed ot
studies on the role of DNA-PK in ASRS, and found that this DSB repair complex does not play a role in ASRS.

Thefollowing Speciufic Alms were explored

Specific Aim #l (Al): To determine the effects of altered regulation of cyclins A & Dl, PCNA, an
cdk2 on ASRS in human normal compared to cancer cells (Years O-3).

Specific Aim #2 (A2~ To cIone xips 5 & 13 using unique DNA sequences previously determined (1
produce antibodies to each of the proteins, and then determine the effects of aitered regulation of xips
& 13 proteins on ASRS in human cancer compared to normal cells (as described in Specific Aim #;
(Years O-3).

SDecific Aim #3 (A3k To determine the effects of altered hMLHl expression on ASRS occurring i
human and rodent cells (Years O-l).

SDecific Aim #4 {A4): To determine whether DNA mismatch repair (MMR) in general, or the hMLIl
protein specifically regulates G@ cell cycle checkpoint arrest (Years O-3).

SDecific Aim #5 {A5): To determine if the loss of the hMLHl protein (or hM.SH2 protein) alters GJM t
GJG1,and pinpoint the exact G@ cell cycIe checkpoint arrest which occurs differentially in parenti
(wild-type) or hMLH1-proficient compared to hMLH1-deficient cells (Years O-3).

SDecific Aim #6 (A6) To further delineate the cell cycle position of hM.LHl-proficient compared 1
hMLH1-deficient ceil; after IR, 6-TG or FdUrd treatment (Years 0-1).

SDecific Aim #7 (A7): To determine what proteins interact with the hMLHl protein, and to determir
if these hMLH1-protein complexes controI GJM or GJGI cell cycIe checkpoints (Years O-3).

IX PROGRESS REPORT-SUMMARY OF PUBLISHED DATA.

Progress on Specific Aims #l-3.
Characterization of ASRS In Human Normal and NeoRlastic Cells. Human normal and neoplastic cel
were exposed to low “priming” doses of Ill (5 cGy/day) over a 4 day period. primed and unprimed (untreate
mock-irradiated) cells were then exposed to a high “challenging” dose of II? on day 5. ChWenging doses we
selected to give equitoxic survivaI levels (2070 s~iv~ Mm no time for r~ove~) for each ce~ type (Table 1 :
Boothman et. al., (I)). LOWdose ptimed LJ1-MeI and HEp-z ce]ls demonstrated 2.3- tO 2.4-fold surviv
enhancement over their unprimed counterp~s fo~ow~g a high dose ch~lenge M me~ured by coiony-formir
abiIity (U1-Mel survival increased from 24~o to 5670 and HEp-z .SUrV~Vd incre~ed from 17qo to 41 qo). Enhanct
survival due to low dose IR was prevented by 4 hr transient post-irradiation, 5 pghnl actinomycin D (data nl
shown) or 10 pghrd cycIohexitide &a@nts, in~cating fiat both new ~~ription and protein synthesis wc
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required for the emergence of the more radioresistant phenotype. In contrast, survival enhancement responses we
not observed in normal human fibroblasts or in HTB-152 neoplastic cells at any priming dose tested (1, 18).

Influence of Primin~ Doses on ASRS. We previously noted that differences in transcriptional responses We
dose-dependent (2, 14, 114), so we investigated the possibility that different cells required different priming dost
for ASRS. Confluence-arrested human U1-Mel, HEp-2, and GM2936B cells were treated with various primir.
doses of ill, challenged or not with a high dose of radiation, and then treated with or without CHM (10 pghrd) f{
4 h post-irradiation. Significant ASRS W* seen in U1-Mel and HEp-2 cells- using a range of priming dos(
between 1-10 cGy/day X 4 days. In contrast, we failed to note significant ASRS in GM2936B cells using primir
doses of 0.1-0.5 cGyhiay X 4 days.

We then investigated the longevity of ASRS, Cells were primed as before using either 5 cGy/day x 4 da!
for U1-Mel and HEp-2 cells or 0.5 cGy/day x 4 days for GM2936B cells. Primed cells were then exposed to z
equitoxic high dose chaIlenge at various times (1-5 days) thereafter to determine how long the ASR could 1
maintained. No ASRS were noted in normal human fibroblasts, In U1-Mel and HEp-2 cells the observed ASl
steadily decreased with time (in days) and were prevented by 4 hr transient post-irradiation treatment with 10 P@
CFRvL By 5 days after the last priming dose, no ASRS were observed.

nose-Response Effects On ASRS. Confluence-arrested 7J1-Mel, HEp-2, and GM2936B cells wem treated wil
or without priming doses of 5 cGy/day X 4 days; GM2936B cells were also treated with 0.5 cGy/day X 4 day
Cells were then challenged with various high doses of Ill to generate dose-response curves. Survival Enhancema
Ratios (SERs), analogous to Dose Enhancement Ratios (115-117), were then calculated. U1-Mel and HEp-2 cd
exhibited SERS of 2.0 and 2.2, nxpectively, after cells were primed with 5 cGy/day X 4 days. As expecte
G.M2936B cells demonstrated no ASR at 0,1-5,0 cGy/day X 4 days. Post-IR exposure to 10 pghd CHM blockt
.4SRS in U1-Mel or HEp-2 cells. In our recent paper (1) we summarized a series of experiments in whit
various confluence- and low serum-arrested human cellswere examined for ASRS at various priming doses. Onl
U1-Mel and HEp-2 human cancer cells demonstrated ASRS at specific optimal priming doses. Human norm
fibroblasts did not show ASRS. These descriptive data developed over the course of the fmt six years of this grai
have now allowed us to examine primed and challenged cells for molecular markers of ASRS, which act in DhT,
repair and/or the establishment of ASRS by regulation of the cell cycle at the GJGI checkpoint.

Flow Cytometric and Labeled Nuclei Assessments. We determined the cell cycle distribution of confluence
and low serum-arrested human cells 4 hr after IR using flow cytometry and measured of [3Hjthymidine-labek
nuclei (l). Throughout the ASR treatments, human normal and neoplastic cells remained in GJG1 (>95% of tl
cells were in G~Gl by flow cytometry); their population distributions wexe not affected by low or high doi
chal~enges. We also replated primed and unprimed cells to determine their plating efficiencies and to monitor the
re-entry into the cell cycle (l). Both primed and unprimed cells of all lines were >93% viable, From thw
experiments, we noted that primed U1-Mel or HEp-2 cells entered S phase (as measured by increases :

[3Hlthymidine incorporation and cell number) within 6-8 h, whereas unprirned cells entered S phase in 12-14
depending upon cell type, after low density replating (l).

Identification of Transcripts Whose Levels Were Altered DurinP ASRS In U-l-Mel Cells. To identi~
molecular markers of ASRS in human ceils, we examined previously identifkd and isolated xipsl -12 (4) transcri]
levels for alterations during low priming and high dose challenging exposures of IR (i.e., 450 cGy) in human U
Mel cells (l). We also examined alterations in other transcripts, including cyclins A,BJll (Prad 1), cdc:
glutdione-S-transferase-z, thymidine kinase, small proline rich protein, DT Diaphorase, tissue-type plasminogf
activator, c-fos, c-jun, transforming growth factor-~ (TGF-13),p53, and several loading standards, including 36BB
6-2-microgIobulin, and actin. Primed and unprimed U1-MeI cells were also treated with or without 10 pgh
CH2vfor 5 pijml actinomycin D for 4 hr immediately after each priming or high dose chaIIenge and total RN.
was subsequently extracted. changes in transcript levels were m~ured via scanning densitometry (1, 4, 18) ar
normalized for loading variations using 18S and 28S rF@TAlevels from the ethi&um bromide stained gels, 3613
kvek., or actin ,or f3-2-rnicroglobulin IeveIs as loading standards to c~c~ate relative mRNA abundance levels :
described (1, 2, 4).

Transcripts hybridizing to xip5 (-7 kb) graduallyamum~ated after each 5 cGy priming closeof radiatic
h growt.h-arrested human IJ1-Mel or ~p-z cel]s, Likewise, a ().5kb tr~scfipt re]ated to xip~z (hereafter refenl
tOas xipls) graduallyincre~~ in~sponse to low pfing doses of ~a~ation (1). The ~anscfipt corresponding \
the original xip12 cDNA clone (-10 kb) did not chmge, except in response to a high dose of radiation, and d
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levels of expression of this gene were not different between primed and unprimed cells receiving 450 cGy (data n[
shown). Transcript levels of both xips5 & 13 in primed cells foIlowing a high dose challenge were not as high i
those observed in unprimed U1-Mei celk which had been challenged with a single high dose (450 cGy) of II
This may signify negative feedback control of gene expression due to low dose exposures. Treatment of U1-Ml
or HEp-2 cells with actinomycin D for 4-5 h after each exposure to radiation prevented expression of xips5 ar
13 during priming and high doses of radiation (1, 4). These data indicate that new gene transcription is responsib
for dramatic increases in xips5 and 13 during ASRS and suggest that new transcription and translation of protein
required for ASRS. Interestingly, we also demonstrated that new changes in any of the more common transcnptic
factors did not occur during ASRS, suggesting alterations in more novel transcription factors are likely to take pla(
which regulate ASRS (3).

We ako examined the expression of other transcripts which were known to be cdl cycle-regtdato
implicated in DNA repair, or induced by IR. Cyclin transcripts were examined since many X-ray-inducib
proteins (12) and transcripts (4) from IJ1-.Mel cells were also cell cycle-regulated (Boothman et. al., unpublisht
data), and changes in cyclin B transcript and protein levels were reported following acute doses of radiation ~
HeLa cells (19). We found that cyclin A transcripts accumulated during low priming doses (1). It is interestir
that changes in the levels of cyclin A were not observed in unpnmed U1-Mel cells exposed only to a hig
challenging dose of radiation. Cyclin D1 (Prad 1) transcript levels also increased after IR; however, its levels cl
not continually increase with each priming dose, and sirniIar levels were observed after 5 or 450 cGy. Like xips
& 13, levels of glutathione-S-transferase-x gradually increased following low doses of JR, After correcting f{
loading variations, cyclin A, cyclin Dl, and GST-n increased 300%, 200%, and 50%, respectively, in primed cel
exposed to 450 cGy compared to unprirned cells treated with 450 cGy. Similar transcript responses descrilx
above were found in HEp-2 cells during ASRS (1).

Several other transcript levels were either not affected by low priming doses of radiation or were nevl
expressed under any of the conditions us@ except in Iog-phase control cells. Differences in xipsl,2,3,4,7,8,9,11
& 12, cych B 1, DT diaphorase, cyclophilin, geIatinase, stromelysin, 36B4, actin, 13-2-rnicroglobulin,tissue-tyl
plasminogen activator, p53, c-fos, c-myc, and egr-1 were g@ noted between primed and unprimed cells, or aftI
challenge with a high dose of Ill (l). Transcripts which we~ not expressed in the ASR experiments descrilx
above, but were expressed in log-phase U1-Mel cells, included thymidine kinase, cdc2, cyclin B1, TIMP-1, ar
collagenase-1. Similar transcript responses described above were also found using HEp-2 cells. xip8 protei
levels, which bind to Ku70 and may be a crucial factor for cell death afier II? treatment (Yang et. al., h’atw
Medicine), was expressed in confluence-arrested cells and turned off on log-phase celIs.

Protein Ex~ression An alvses Before and After ASRS in HED-2. U1-Mel, Normal Human Fibroblast
and Other Human Ceil Lines. We then characterized molecular changes in proteins during ASRS in humc
cells. More specifically, we concentrated on the human neopkkc HEp-2 and U1-Mel cells compared to norm
human fibroblasts, GM2936B, G.M2907A, and GM2937A cells. We repeated and confirmed the transcription.
up-regulation of cyclin D 1, cyclin A, xips5, & 13 in HEp-2 and U1-Mel cells (above), However, the!
transcriptional increases were not observed in any of the normal human fibroblasts examined. Furthermore, we di
not observe increases in radiat~n resistance to a high dose cha~lengeafter low dose IR adaptation in normal hurm
fibrob]asts. Therefore, to date we have nut observed ASRS in normal human cells, The only ASRs we htn
observed were in hum-m U1-Mel and HEp-2 cells (l). Why were U1-Mel and HEp-2 cells abIe to produce ASR
while other normal human fibroblast.s were not’? ln the next three years, we will examine specific gene produc
which we believe may regulate ASRS inHEp2 and U1-MeI ceils, and investigate their role(s) in ASRS in U1-M1
and HEp-2 ceHs compared to norrmd cells. We have completed experiments with other cell models, such :
various scid mouse cells +/-DNA-PK, and human 13CT-116 cells -t-/-hMLH-1 gene product, in order to investiga
the role of specific gene products in ASRS in human cells, We have eliminated DNA-PKcs as playing a role :
ASRS in rodent cells using a comparative analysis of scid and CB17 cells (118),

TO investigate the potential role of cyclin ~ cyc!& Dl, pCNA, pRb (retinoblastoma protein),WAI
l/CH?l/p21, mdm-2, and p53 proteins in ASRS in human HEp-2 and U1-Mel c&i compared to various norm
human fibroblasts (GM2937A, GIvQ907A, and G.M.2936B), we examined Western irnmunoblot ar
hnmunoprecipitation/Westem immunoblot an~yses on unirradiated, IOWdose primed (1.5 cGy X 4 days), 10
dose primed and high dose challenged (1-5 cGy X 4 days + 300-450”cGy) comp~ed to Mgh dose challenge
alone (300-450 cGy) U1-Mel cells. Analyses of our data have demonstrated some surprising conclusions.

I%rst, the increases in cyclin D1 and PCFJA transcripts previously obse~ed (above) did w result :
apparent incm~es in protein levels (Boothmm et. al,, Mutat. Res,, 1996). on the other h~d, we were surprised !
find extremely Ngh, constitutive levels of Cyc]in ~1 ~d PCNJA ]eve]s (20- to 5@fold) in U1-Mel and H13)-2 cd
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compared to normal human fibroblasts. Since U1-Mel and HEp-2 were the only cell Iines to demonstrate ASR
we concluded horn these data that increases in cyclin D 1 and PCNA transcripts after low doses of radiation whk
confer ASRS were insignificant compared to the elevated endogenous protein levels of PCNA and cyclin A with
L’I-Mel and HEp-2 cells prior to low level radiation. These data indicate that PCNA and cyclin,Dl protein leve
were not altered ay?erlow level IR, and that other proteins, which make up this DNA repair complex, mu
increase ajler low level radi~”on in order for this DNA repair complex to confer ASRS in certain human celi
Western blot analyses of HEp-2 and U1-Mel cells during AMZS and after high dose ~halle~ges dernons~ated L
alterations in PCNA levels after low or high dose challenging events, and there were no increases in protein Ieve
during ASRS. PCNA levels we~, however, greatly elevated in U1-Mel and HEp-2 cells compared to norm
human fibroblasts and the human colon cancer ceil line Ha-116. PCNA levels were not altered by low or hig
dose III and we, therefore, concluded that elevated levels of PCNA may be important for ASRS, but are g@ a majt
controlling factor.

Similar restdts, surprising y, were discovered for cyclin DJ, Cyclin D1 levels in arrested cells have bet
reported to be extremely low (119), In HEp-2 and U1-Mel ceils, however, their levels were remarkably elevati
compared to normal human fibroblasts and HCT-116 cefls, both of which do not demonstrate ASRS. We four
that cyclin 1)1 levels, as for PCNA (above), were constitutively present at very high levels in U1-Mel and HEp-
cells. Retinoblastoma (pRb) and T’opoI protein levels were also not affected by low or high dose m as previous:
described (120). We are currentIy examining changes in the phosphorylation level of the pRb protein before ar
after IR to further pinpoint the position of cell cycle regulation during ASRS. Similar results were found in HEp
cells using either Western blot or irnrnunoprecipitation analyses, in which Western immunoblot analyses are the
used to demonstrate specific protein levels. We also examined p53 and cdk2 levels during ASRS and after hig
dose challenges. h~o alterations in p53 or cdk2 levels were noted during low doses (5 cGy) of IR, As recent
described (121), p53 levels in human U1-Mel cells were induced by high doses of radiation. A similar lack t
cdk2 protein responses with HEp-2 cells were also observed. These data suggest that cdk2 and cyclin D1 protei
levels do not change, but do not necessarily mean that cyclin-dependent cdk2 enzyme levels are not altered aft
low dose Ill This is currently being examined in our laboratory.

As indicated above, we also examined changes in cyclin A transcript and steady state protein levels usir
Western and immunoprecipitation blotting analyses before and after low ASR radiation doses compared to hig
doses of Ill. L’nlike the responses found above for cyclin Ill and PCNA, cyclin A levels were not present befo]
Iow dose priming. During low dose priming, cyclin A levels dramatically increased as observed by Western bl~
and immunoprecipitation analyses (Boothman et. al., in preparation), Since this protein increased at both d
transcript and translational levels following low doses of IR, it is a likely candidate for controlling ASRS in certa
human cells. These data, in combination with our data demonstrating elevations in PCNA and cyclin DI protei
levels described above using U1-Mel and HEp-2 cells, suggest that all three protein Ievels (at least) must be prese]
atone time to comprise a DhTArepair complex, This complex may be composed of cyclin D 1 and PCNA (whit
are constitutivelv elevated in HEp-2 and U1-Mel cells), and cyclin A. CyClin A may be the controlling protei:
which is inducible or whose expression increases due to altered cell cycle regulation following repeated low dost
of El. Cyclin A may control ASRS through apoptotic inhibition rrxxhanisms, or it may in turn control (activat
other proteins which participate in ASRS in certain human cells. We will expIore the role of cyclin A in ASF
using doxycycline-inducible, cyclin A expression plasmids as described in the first set of Specific Aims of th
current DOE grant renewaL ASRS will be analyzed in U1-Mel and HEp-2 cells (which have elevated PCNA ar
cyclin DI levels) with or without sense/antisense cyclin A expression. These experiments wiIl test the hypothes
that ASRS are regulated by cyclin A levels. Endpoints measured will included colony forming abilities (for ASRs
sister chromatid exchanges, apoptosis [by morphology, pol(ADP-ribose) polymerase cleavage, and flo
cytometry], and ceil cycle population analyses via flow cytometry, We will alSOanalyze cyclin ~ cyclin Dl, ar
PCN’A transcript and protein levels via Northern blot analyses, Western blot analyses, and immunoprecipitatb
respective~y.

Pmgrcsson Specific Aims #4-7.:

Summary of Cell Cvcle Remdation of DNA Mismatch Re~air protej~, HNJ?CC is a cancer susceptibili!

syndrome caused by mutations in several genes involved in m, including MSH2, hMLHl, or hPiVfS2. Recel
reports suggested that hMSH2 and hlvfLHl have a role in the regulation of the cell cycle (7, 40, 122). 1
determine if these genes are cell-cycle regulated, we examined their mRNA and protein levels throughout the a
cycie in synchronized ~~-90 normal human Iung fibroblasts (5). We r~enfly demonstra&ed thatthe levels t
hMSH2 mRNA and protein do not change appreciably throughout the cell cycle. In contrast, whiIe hMLFl
~NA levels remain constant, a modest (-50%) increase in its protein levels during late G,- and S-phases of tl
cdl cycle occurred. The levels of hPMS2 MA fluctuated miIdly (decreasing 50% in GI and increasing 50% i
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S phase), while hPMS2 protein levels increased 50% in late G1- and S-phases of the cell cycle. Our data indica
that, at least in synchronized normal human primary fibroblast ceils, the machinery responsible for detection ar
repair of mismatched Dh’A bases is present throughout the cell cycle, with little modulation of KMI.JIl, hiMSEl
or hPMS2 protein or mRNA levels (5).

Role of hNfLHl In G/M Cell Cvde CheekDoint Arrest,
MLHI Equressiun Before and A-i?er H?. Two genetically matched humanHCT116 colon carcinoma cell l.im
were used to determine whether MNIll mechanisms played a role in survival after exposure to Ill compared to (
TG. We also investigated whether specific proteins involved in MMR (i.e., hMSH2 or hMLHl) were clamag(
inducible. The hMLH-1 protein was not expressed in parental HCT116 (’hMLHl’) cells, but was expressed :
Hal 163-6 (KMLH1+) cells. This represents the first demonstration that HC’IU16 calls do not express U
hML.H1 protein. Further comparisons suggested that,the overall expression level of hMLHl inHCT116 3-6 eel
was qualitatively similar to those found in normal IMR-90 human fibroblast cells (123). hMSH2 protein leve
were not altered by the chromosome 3 microcell transfer, since similar levels were expressed in both HCT11
(hMLHI-) andHCT116 3-6 (hMLHI+) cells and levels of hMSH2 were comparable to those levels present ~
IMR-90 normal human fibroblasts, as previously demonstrated (5).

We then examined the regulation of hMLHl and hNlSH2 proteins after IR. No changes in hMLHl (f
kDa protein) or hMSH2 (100 kDa protein) levels were observed at 4-48 h after 5 Gy in HCTi 16 (hMLHI-) {
HCT116 3-6 (hMLHI+) cells, Levels of alpha-tubulin were used as a loading control, since they were not alten
after Ill (4, 12). These data suggest that hMLHl and hMSH2 proteins were not altered by IR in either cell line. 1
addition, the proteins do not appear to be cell cycle regulated, since significant changes in cell cycle distributic
occurred over the course of the experiment following IR, These data are consistent with our recent cell cyc
analyses of synchronized normal human MR-90 fibroblast cells, in which hMLHl and hMSH2 protein ar
transcript Ievels remained constitutively expressed during cell cycle progression (5).

Effect of hMLHl Expression Deikiencv on Survival After 12? or 6-TG. We examined differences :
sensitivities between HCTI 16 and HCT116 3-6 ceils after IR (O-8Gy) by limited dilution colony forming surviv
assays. A statistically significant difference in survival [p4M49, (40)] between HCT116 (hMLHI’) and HCT11
3-6 (hMLHl~) cells was found, with the former being modestly more sensitive to IR damage. We also observe
the previously reported (113, 124) phenomenon of “damage tolerance” of rnis-incorporated bases in HCT116 cel
following growth in the presence of 6-TG, HCT116 3-6 cells demonstrated a dramatic sensitivity to this ag~
(-50-fold), following 12 h pulses of 6-TG, in contrast to the reversed situation above with JR.

Effect of hMLHl D@kikrzcv on Cell Q ck Checkuoirzt Delkws. We then examined differences in cell cyc
checkpoint amests between parental Ha 116 and hMI_H1-corrected HCT1 163-6 cells. HCT1 163-6 (hMLHI+
celIs demonstrated extensive G@I cell cycle checkpoint arrest responses following a 5 Gy dose of IR, with leve
nearly twice that of parentalHCT116 (hMLH1-) ceils given approximately equitoxic doses. The GJGI arrest w:
rather small in either cell line in the first 12 h. h addition, HCT116 3-6 cells arrested 12 to 24 h longer in tl
G@f phase of the cdl cycle than HCTJ 16 cells exposed tOapproximately equitoxicdoses of Ill. For example,
24 h following 5 Gy, 67% of irradiated HCTI 163-6 cells were in the G.@f cell cycle phase, compared to 21{
G2/M cells in identically irradiated, parental HCT- 116 cd population. The enhanced G.J&f arrest observed i
HCT116 3-6 cells was dose-dependent Up to 8 Gy, when nearlyd] ce~s appeared tObe mested in thisphase of tl
cell cycle. Interestingly, no differences in the overall S-phase uI1 population for Up to 24 h were noted usir
propidium dye staining and flow cytometric analyses ~fore or afler IR (or 6-TG, beIow) in HCT1 16 or HCT 11
3-6 cells. Thus, the dramatic GJvf cell cycle ~st in HcTlj6 3.6 Ce]]s ap~md to pr~ede and preclude w
observable arrest at GJGl. These data strongIy suggest that loss of hMLHl protein corresponded with a Ioss of
competent, albeit not complete, G#vf cell cycle checkpoint. The low degree of G#vf cell cycle arrest observed :
HCT 116 cells may be caused by the generation of frank double stiand breaks created by IR, at a poil
independent of hMLHl-dependent G@f cell cycle arrest.

previously, a 50-fold enhanced survivalofHCT116 (MvfLH1-)over Hml 163-6 (hMLHl+) was reperk
by Boland et al, (113, 122, 124, 125) following ~eatment of cells wi~ N.methyl-~.ni~osoguanidine (-G) (
6-TG. Furthermore, it was shown mat Hal 163-6 (h~Hl~) ce]~sresponded to these agents by arresting :
G,/M, while HCTI 16 (bMLH1-) cells continued to cycle normally. Using analogous conditions as tho~
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previously described (113, 122, 124) a similar difference in cell cycle distribution following 6-TG treatment w
observed. As previously noted (113, 122, 124), patentd HCT116 cells demonstrated no change in the percenta~
of cells in GJh4 following 6-TG exposures. The GJM arrest observed in HCT116 3-6 cells following 6-T,
treatment was dose-dependent, but not for HCT116 cells. While both cell types demons@ated sub-GJC
(apoptotic) peaks, a relative increase was consistently noted in the MMR-proficientHCT116 3-6 cells compared 1
the parental MMR-deficientHCT116 cells on day 6 (data not shown). The apoptotic responses observed were nc
however, sufllcient to explain the neady 50-fold increase in lethality in the corrected HCTI 163-6 cells compart
toHCT116 cells.

Effect of hMLHl Defic imcv on DamaEe-inducible Nuckm.r D53 Responses. Although parentaI and correctc
HCT116 cells exhibited differences in radiation sensitivity and cell cycle alterations, both cell lines demonstrak
similar XR-induced nuclear p53 levels following approximately equitoxic doses of Ill. Interestingly, however, tl
kinetics of p53 induction, and specifically its loss over time following IR, differed significantly between the tw
genetically match cell types. Evacuation of nuclear protein levels indicated that HCT116 3-6 ceils maintaim
elevated levels of p53 protein beyond 24 h following doses as low as 2 Gy. HCT116 cells, however, demonstrate
an equivalently high initial level of p53 induction at 2-4 h at aIl doses exarnin~ but p53 levels were more transie
and waned by 12 to 24 h, in a dose-dependent manner. The elevation of p53 protein levels (-50-fold higher than :
non-irradiated cells) was more long-lived inHCT116 3-6 celIs, even though the cel~cycle distribution varied wick
over the course of the experiment. Interesting y, similar increases in nuclear p53 levels were observed in log-ph~
and confluence-arrested HCT116 (hMLH1-) or HCTI 163-6 (hMLHl +) ceils (data not shown). These da
strongly suggest that the induction of p53 was in direct response to DNA damage rather than to secondary cel
cycle changes. No correlation between p53 induction and the timing or overall extent of cells at the G~ cell cyc
checkpoint arrest were noted.

We noted dramatic induction of both nuclear and whole ceil p53 levels in the HCT116 3-6 (hMLHl -
cells after 6-TG exposure, while no such increase was noted for MMR-deficient HCT116 (KMLH1-) cells until
dose of 6 p.lvfwas used, even after 6 days of continuous drug exposure, These results are consistent with a ro
for p53 in response to DNA damage (26, 39, 126, 127) and strongly suggest that cells deficient in hNfL13
expression fail to recognize or process damage caused by 6-TG incorporation. The absence of p53 inductic
following 6-TG exposure in HCT-116 (hMLH1-) suggests a role of the hMLHl protein in both the detection [
mismatch DNA base damage created by 6-TG, and in the intracellular signaLing events which elicit the damagl
inducible p53 post-transcriptional process (36, 126, 128).

E6 Exmessing Ce h%Demonstrate Thut Neither G~Arrest, Nor A Functional D53 Affect the hMLH1-ilfediate
Q&fte12 CYc& Checkpoint Arrest To directly determine the role of p53 in the G@f cell cycle checkpoint arre
described above, we infected cells (HCTl 16 and HCTI 16 3-6) with retroviral expression vectors expressing tl
papillomavirus E6 protein, In addition, since it is possible from the data akve that hMLHl may play a role in C
ceil cycle arrest or transition into S-phase, in conjunction with p53, we wished to explore the effects of loss of C
arrest on the cell cycle distribution effects following II? or 6-TG. The E6 protein is known to bind to, and targ<
p53 for ubiquination and proteolysis and results in a loss of G1cell cycle arrest induced by DNA damaging agen
(129). The efficiency of E6 in removing p53 protein (even from IR-induced cells) was demonstrated, Loss of p:
did not affect the overall levels of hMLHl protein expressed, nor alter the levels of this protein following II
Following 5 Gy, E6 transfectants of both cell types ‘demonstrated similar cell cycle kinetics compared I
nontmnsfected cells that retained intact p53 function, An exception was HCT116 E6 clones, which had a reduce
Go/G 1 arrest early after exposure and showed sIightIy greater GJM arrest than normal nontransfected ar
irradiated HCT116 cells. The Ioss of p53 function also did not affect survival folIowing lR exposure. These da
strongly suggest that p53 does not play a roIe in GJM cell cycle checkpoint arrest, nor in the survival differenc(
observed bethveen cells that express MLHI (HCTl 16 3-6) or ceils which have lost expression of this MM
protein (HCTl 16 cells), These data, along with the lack of a difference in S-phase fractions between irradiated ar
nonirradiated HCT116 and HCT116 3-6 cells, also strongly suggest that hMLHl does not play a role in G1 ~
cycIe checkpoint arrest or GI-S transition.

Prim arv Emb~onic Fibrobhzsts From MLHI Knockout Mice Also Demonstrated Defhht G M Cell CYC,
Gheckvoint Resvonses. dNext, we wanted to demonstrate that the apparent hNfLHl -dependent @ cell cyc
checkpoint arrest phenomena were not unique to HCT116 3-6 human colon carcinoma cells. Therefore, v
%rformed identical cell cycle regulatory studies using fibroblasts from MLHI knockout “C57BIJ6J” (B6) blat
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mice and compared their responses to genetically matche~ primary embryonic murine fibroblasts derived fro]
parental wild-type mice before and after IR or 6-TG. In control experiments, we examined MLH1 and MSEJ
protein expression in three representative clones: one homozygous wild type at the (MLH1+’+) locus, or
heterozygous (MLHl+-), and one homozygous mutant at this locus (MLH1”’”). As expected, ~eterozygous ar
bomozygous wild-type cells expressed normal basal levels of both MLH1 and MSH2, at levels sjrnilar to thof
previously found in IMR-90 cells (5). In contrast homozygous mutant cells (MLH1-’-)did not express the murh
MLH1 protein, but did express normal leveIs of murine MSH2, Neither MMR protein levels appeared to wa
following 6-TG or II? treatments. Interestingly, p53 levels within all of these clones did not vary following IR or t
TG treatments, and remained constitutively high (data not shown), As in HCT116 (hMLF1l-) ceils, embryon
fibrobhsts which were deficient in expression of the MLEH protein faikd to arrest at the GJM cell cyc
checkpoint following 6-TG or IR, In contrast and as with HCT116 3-6 hMLHl-expressing cells, wild-tyl
embryonic fibroblasts derived from C57BIJ63 mice which expressed normal levels of the MLH1 protein ak
demonstrated a dramatic G@ cell cycle checkpoint-arrest in response to 6-TG or IR. Analyses of the S-pha:
cell populations in treated wild-type or MLHl knock-out murine cells after 6-TG or IR demonstrated no apparel
S-phase cell population differences, indicating little variation in Gl cell cycle arrest between MLH1-expressing W.
MLH1-deficient cells after II? or 6-TO.

Summarv of Data SUDnortin~ A Role of hMLHl In G@f Ceil Cvcle Checkpoint Arrest After 5-l?luor(
2’-deoxvuridine ~dUrdl. We demonstrated above that DNA mismatch repair plays a role in the G@4 u
cycle checkpoint using hMLHl-expressing or hMLH1-deficient HCTI 16 human colon carcinoma cells. We ha]
also demonstrated that DhTAmismatch repair-deficient HCT116 cells were 6-fold more resistant to the cytotox
effects of FdUrd and 2-fold more resistant to 5-fluorouracil compared to genetically match~ DNA mismate
repair-proficient HCT116 3-6 cells. HCT116 3-6 and HCT116 cells were treated with 30, 15, 4, 1, and 0.1 ml
FdUrd for 24 h and subsequently allowed to grow in drug-free medium. H(2T1163-6 cells treated with 1-4 ml
FdUrd showed a dramatic G@ cell cycIe checkpoint delay and significant apoptosis (as detected by flo
cytometry) as early as 12 h post-treatment. In contrast, HCTI 16 cells continued to grow without apparent et
cycle redistribution or apoptotic responses, exhibiting damage tolerance in a similar fashion as following 6-T’
treatment, Apoptotic responses characterized by flow cytometry were confined by Hoechst dye staining w
morphological examination by light microscopy. Interestingly, both HCT1 16 and HCT1 163-6 cells exhibited >
fold increases in nuclear p53 protein levels after 1-4 mM FdUrd treatment, and the kinetics of their p53 inductic
response appeared to be similar.

To determine if p53 protein responses or G1 cell cycle checkpoint arrest played a role in this MMF
dependent, FdUrd-induced GJM cell cycle checkpoint delay and apoptotic response,HCT116 and HCT116 3-
cells were infected with retrovira.1vectors expressing the papillomavirus E6 gene. Infected and control cells we
then treated with various doses of FdUrd as described above. Nearly identicaI ceil cycle, survival and apoptot
responses were observed in E6-expressing HCTI 16 3-6 cells compared to noninfected HCT116 3-6 cell
indicating that p53 played no direct role in cell cycle, apoptotic or survival responses of these mismatch repai
competent cells. Both E&infected and noninfected HCTL16 cells demonstrated ne~ complete damage tolerance I
FdUrd, indicating that the lack of mismatch repair was crucial to responses to FdUrd in these cells and not the p5
responses or G1 anest, in generaL Rescue from FdUrd cytotoxicity in HCT116 3-6 cells was observed via II
administration (24 h posttreatment) with 10 @f t,hymidine, whereas 10 @l uridine had no effect on FdUr[
mediated GJvf cell cycle arrest, apoptosis, or 10SSof survivalinHCT116 3-6 cells. These data strongly suggest
role for the MMR in the recognition of genetically unstable DNA, DNA mismatched bases caused by nucleotic
pOOlimbalances via thymidylate synthetase inhibition, or by the rapid incorporation and removal of FdUrd inl
DNA,

C. RATIONALE AND/OR SIGNIFICANCE: Relationship to Mwsion of the DOE
Little or no molecular information regarding changes in gene expression after ultra-low doses of Ill

known in human or rodent celk, Changes in gene expression and alterations in the more subtle types of DN.
repair processes are undoubtedly important to the carcinogenic consequences of exposures to low doses of l-l
ASRS in mammalian cells in response to low doses of II? have been reported for more than 40 years. Y* t
molecular basis for ASRS have been elusive, Over the last six yems we identified, characterized, and isolate
specific moIecu]ar probes (i.e., cyc~n ~ cd@ xips~ & 13,cycfinD1 and PC~A) w~ch are regulatedduring ti
establishment and challenging events of human ce]]s demonstrating ASRs, The accomplishment of the propose
goals outlined in MS renew~ applicationwill~low us to eluci~te tie coupl~ responses of ~nscription, DN.
repair, and ce~ cycle progression which play a combined roIe in de~rmining tie extent of adaptive radioresistam
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by various human cells. The experiments outlined in the Specific Arm of Set #1 will allow us to establish tl
reagents with which we will be able monitor antisense and sense experiments and the influence of single genes (ix
xips5 & 13) on ASRS in human cells. We now Imow that the majority of genetic aerations which appear to affe
whether or not ASRS occur in human cells, take place during low “priming” doses of IR. The experiments :
Specific Aims #l-3 Mowed us to investigate the role of xips5 & 13, cyclin & PCNA, and cychn D1 in ASRS :
human or rodent cells. The use of controlled doxycycline-inducible vectors allowed us to regulate the overall exte~
of specific key regulatory proteins (by sense or antisense), and thereby possibIy allow us to regulate ASRS. Thu
the experiments proposed in this DOE grant renewal represents the first described molecular probes for ASF
after low dose El exposed cells.

In the second part of this grant we explored the role of a specific MMR protein (hMLHI) in the G@I a
cycle checkpoint arrest. Very little information is lmown about the mechanisms which regulate arrest at th
important point in the cell cycle, although arrest at this checkpoint is clearly important for survival, apoptot
responses, and carcinogenesis following IR. Our recent data (Preliminary data above) demonstrate a clear role f{
hMLHl in a Mitotic checkpoint arrest following IR or FdUrd, using 6-TG as a control for the induction of MMI
X-irradiation +-FdUrd are the treatment of choice for colon cancer cells and the studies described in Specific Ain
#4-7 have added clinicaI significance for treatment of non-HNPCC compared to HNPCC patients, which compri!
5% of all colon cancer patients in the U.S. The experiments in Specific Aims #4-7 allowed us to Ilwther identij
proteins which interact with hMLHl, and possibly act with hMLHl to regulate GJM arrest.

Consortium/Contractual Arrangements. None,
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