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Goal in Toronto in 1969: Goal in Toronto in 1969: 
the isolation of somatic cell mutantsthe isolation of somatic cell mutants

EMS award, 1986





Mouse tsA1 has a dramatic Mouse tsA1 has a dramatic 
temperaturetemperature--sensitive growth phenotype at 38.5sensitive growth phenotype at 38.5ooC.C.



The gene defective in tsA1 is later identified.The gene defective in tsA1 is later identified.
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Should we switch to haploid frog cells?  Should we switch to haploid frog cells?  ------ NONO



Chinese hamster ovary (CHO cells)Chinese hamster ovary (CHO cells)
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Why use CHO hamster cells as a model system?Why use CHO hamster cells as a model system?

Subdiploid, stable karyotype 
(but highly rearranged)

Growth in both monolayer 
and suspension culture

Highly amenable to 
synchronization by 
centrifugal elutriation

Yields unusually quantitative 
data (e.g. survival curves 
and cell cycle studies)

~ 10,000 publications;           
~ 800 on DNA repair            
(~ 40,000 for HeLa cells)



HeLa HeLa cells spread rampantly. cells spread rampantly. 
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HeLa cells using Giemsa-banded marker chromosomes. Sixteen
additional cell lines investigated have been found to exhibit marker
chromosomes typical of HeLa cells. Quinacrine fluorescence studies
further revealed the absence of Y chromosome in these lines. These
observations indicate that the lines are HeLa derivatives.











Mutagen Mutagen sensitivity profiles for sensitivity profiles for ERCC1ERCC1 and and 
ERCC2/XPDERCC2/XPD CHO UVCHO UV--sensitive mutants sensitive mutants 

UV photoproducts Bulky monoadducts           Crosslinks



Differential sensitivity of Differential sensitivity of ERCC1ERCC1 --ERCC5ERCC5
mutants to mutants to mitomycin mitomycin CC

CGs CGs 1,4      1,4      CGsCGs 2,3,52,3,5 WTWT



Differential sensitivity of Differential sensitivity of ERCC1ERCC1 --ERCC5ERCC5
mutants to mutants to diepoxybutanediepoxybutane

CGsCGs 1,4      1,4      CGsCGs 2,3,5        WT2,3,5        WT



NER nucleases and NER nucleases and helicaseshelicases: : 
ERCC1ERCC1--ERCC5  proteins are key enzymes in the ERCC5  proteins are key enzymes in the 

recognition and dual incision at bulky adducts recognition and dual incision at bulky adducts 

ERCC1 = no XP group
ERCC2 = XPD
ERCC3 = XPB
ERCC4 = XPF
ERCC5 = XPG



Excessive sisterExcessive sister--chromatid chromatid exchange in CHO exchange in CHO xrcc1xrcc1 EM9 cellsEM9 cells

no SCE



XRCCXRCC mutants are a motley bunch!mutants are a motley bunch!



Single-strand break repair

Double-strand break repair

Fanconi anemia replication fork breakage pathway

RAD51D ?

= CHO mutants



Double-strand break repair

Unknown function



The evolution of CHO DNA repair genetics at LLNL: The evolution of CHO DNA repair genetics at LLNL: 
life gets harder with agelife gets harder with age

Gene cloning & characterization 
Chinese hamster cells love foreign DNA 

1988-1998

Mutant isolation & characterization 
A little hemizygosity goes a long way  

1978-1980

Targeting vector construction & 
gene targeting (knockouts) 

No beginner’s luck  
2000-present

Chromosomal mapping  
Which chromsome has the repair gene?  

1985-1993



CHO UV5 cells carrying human chromosome 19CHO UV5 cells carrying human chromosome 19



An unexpected mutant from the semiAn unexpected mutant from the semi--automated hunts…automated hunts…

Busch, D. B., Zdzienicka, M. Z., Natarajan,
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Collins, A., Mitchell, D. L., Stefanini, M.,

Botta, E., Riboni, R., Albert, R. B., Liu, N.,

and Thompson, L. H. A CHO mutant,
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mutagens and represents a new
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sensitivity. Mutat. Res., 363: 209-221,

1996.



David Busch: A brilliant scientist & physician David Busch: A brilliant scientist & physician 
succumbs to leukemia in 2002succumbs to leukemia in 2002

David B. Busch, PhD & MD 



Many were affected by David’s passingMany were affected by David’s passing









Clinical phenotype and genetics of Clinical phenotype and genetics of FanconiFanconi anemiaanemia

Progressive aplastic anemia due to loss 
of bone marrow stem cells

Predisposition to cancer, including 
squamous cell carcinoma

15% incidence of acute myeloid 
leukemia in FA children, i.e ~15,000 x 
increase

70% of patients have diverse develop-
mental abnormalities in upper limbs, 
skeleton, GI tract, skin, kidney, heart, 
and CNS

Clinical diagnosis from testing 
lymphocytes for chromosomal sensitivity 
to the crosslinking agents diepoxybutane
or mitomycin C

Genetically complex with ~12 genes; 8 
cloned



How much is a knockout mutant worth How much is a knockout mutant worth ------
in lost technicians, disgruntledin lost technicians, disgruntled postdocspostdocs, and DOE $$ ? , and DOE $$ ? 

No knockoutNo knockout
APE1APE1

KnockoutsKnockouts
XPDXPD

FANCG FANCG 
RAD51C (1 allele)RAD51C (1 allele)

RAD51DRAD51D

APE1, XPD, & FANCG are singleAPE1, XPD, & FANCG are single--copy genescopy genes



Hamster Hamster FancGFancG Gene Structure and MutationsGene Structure and Mutations

  

Hamster

8.4 kb
1 2 3 4 5 6 7 8 9 10 11 12 13 14

UV40
25C + 1C

L9→PLTNIFX

NM3
267G + 1G
A92G + X

2 kb

FISH of
WT CHO



FGKO40 cells are FGKO40 cells are NOTNOT specifically sensitive specifically sensitive 
to DNA crossto DNA cross--linking agentslinking agents

Agent            fold sensitivity (D37)

Diepoxybutane (crosslinks) 7
Thioguanine 5
Methyl methanesulfonate 4
Methyl nitrosourea 4
Mitomycin C (crosslinks) 3
ENU 3
CNU (crosslinks) 3
Chlorambucil  (crosslinks) 2
UV-C 1.5
Camptothecin 1.2
Hydroxyurea 1.2
Ionizing radiation 1.2
Paraquat 1.0
Thymidine 1.0
Hydrogen peroxide 0.8
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Reduction in Reduction in hprthprt mutation rate in KO40 cellsmutation rate in KO40 cells

To be updated 
after publication 

of data



KO40 cells have increased spontaneous rates of gene amplificatioKO40 cells have increased spontaneous rates of gene amplificationn
at at dhfrdhfr and and CADCAD loci (like DNAloci (like DNA--PKcs PKcs mutant of CHO cells)mutant of CHO cells)

To be updated 
after publication 

of data



KO40 revert to MMC resistance at a high rateKO40 revert to MMC resistance at a high rate

AA8  
 
 
 
 
 

KO40 
 
 
 
 
 
 

KO40R 

   Mitomycin C      6-thioguanine    



Monoubiquitination of FANCD2 is essential for Monoubiquitination of FANCD2 is essential for 
resistance to resistance to crosslinks crosslinks and other DNA damageand other DNA damage
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A new molecular model for FAA new molecular model for FA::
Activation of Activation of FANCD2FANCD2 by replicationby replication--forkfork--blocking lesion, blocking lesion, 

leading to leading to stabilizationstabilization of the blocked forkof the blocked fork
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 or adducted base1

2

3

Oxidative stress

FA proteins allow translesion, mutagenic  
polymerases to bypass blocking lesions.

Blocked forks may provide the signal for  
an S phase checkpoint. 



FA proteins allow the FA proteins allow the nonmutagenicnonmutagenic, HR (homologous, HR (homologous
recombination) pathway to bypass a blocking lesionrecombination) pathway to bypass a blocking lesion
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FA proteins may allow lesion bypass 
by interfacing with the HR machinery. 



Without FA proteins, more chromosome rearrangements occur. Without FA proteins, more chromosome rearrangements occur. 

DSBs from broken forks 
interact through error-
prone nonhomologous

end joining (NHEJ). 

 Misjoining 
between  

chromosomes

1
2



Without FA proteins, at metaphase there are more breaks, Without FA proteins, at metaphase there are more breaks, 
as well asas well as rearrangementsrearrangements & exchanges arising from misrepair. & exchanges arising from misrepair. 
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The most deleterious event 
for cancer is outcome 1. 



KO40 cells have increased spontaneous rates of gene amplificatioKO40 cells have increased spontaneous rates of gene amplificationn
at at dhfrdhfr and and CADCAD loci (like DNAloci (like DNA--PKcs PKcs mutant of CHO cells)mutant of CHO cells)

Synchronize cells  
in early S-phase

Treat for 30 min with MMC 
100% survival of WT cells

Sample over time &  
measure nuclear foci  
for γH2AX and Rad51



KO40 exhibit more gH2AX foci than wildKO40 exhibit more gH2AX foci than wild--type cellstype cells
in response to MMC treatmentin response to MMC treatment

To be updated 
after 

publication of 
data



KO40 exhibit more Rad51 foci than wildKO40 exhibit more Rad51 foci than wild--type cellstype cells
in response to MMC treatmentin response to MMC treatment

To be updated 
after publication 

of data



Persistent foci at mitosis do not imply chromosomal breaks.  Persistent foci at mitosis do not imply chromosomal breaks.  

WT CHO cells treated in early S phase              
with mitomycin C; S.F. = 100%

Persistent γH2AX foci 8 hr post-treatment 
when cells are dividing

Are double-strand breaks present in 
these foci?  





Passage of DNA replication forks through Passage of DNA replication forks through crosslinks crosslinks is error prone is error prone 
and requires homologous recombination proteinsand requires homologous recombination proteins



Summary of studies that suggest more double-strand breaks 
occurring during replication in KO40 fancg cells

Higher frequencies of γH2AX foci in 
S-phase cells

Higher frequencies of Rad51 foci in 
S-phase cells

Increased rates of gene amplification, 
a phenotype shared with mutant cells 
defective in NHEJ DSB repair 

A reduction in hprt mutation rate



Modest  Modest  hypomutabilityhypomutability for UVfor UV--C induced mutations C induced mutations 
at the at the hprthprt locus KO40 locus KO40 fancgfancg cellscells
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Who got me started

Bill Dewey, PhD Program at MD Anderson 
and NIH training grant

Herman Suit, PhD from UT GSBS, Biophysics

Ron Humphrey, Laboratory and thesis comm.

Gordon Whitmore & Louis Siminovitch, OCI 

Mortimer Mendelsohn, position at LLNL



Postdoctoral scientists

Gerald Adair
Larry E. Dillehay
Cynthia A. Hoy
Christine A. Weber
Nigel J. Jones
Keith Caldecott
Robert Tebbs
Christopher Parris
Nan Liu
Sally Kadkhodayan
Ian McConnell 
James George
Clodagh Finnegan
Lisa Wrischnik
John Hinz
N. Alice Yamada



Who did much of the workWho did much of the work

Alice Yamada (postdoc)
Cell synchrony, protein assays

Robert Tebbs 
(senior staff)

Gene targeting,
Nuclear foci

John Hinz
(postdoc)

Cell survival, 
fluctuation 

experiments
Casey Cat:
“FancG
KO? …so 
what?…”



Who did much of the workWho did much of the work

Kathryn Segalle

Ed Salazar
Gene knockouts & 
characterization

Peter NhamVicki Kopf
KO mutant 

characterization



Life is not a dress rehearsal.
anonymous 
psychiatrist


