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Personal Statement

Our lab has made many contributions to the field of DNA replication in both prokaryotes and eukaryotes. In bacteria, we identified and
characterized the first antisense regulatory RNA. In 1979 we chose yeast as a system to simultaneously exploit biochemistry and
genetics for the study eukaryotic chromosomal DNA replication. We defined the essential cis-acting sequences in origins of replication
(ARSs). We exploited reverse genetics to define protein functions, developed plasmid shuffling to make conditional mutants, and
incorporated the use of functional genomics to define whole pathways. We co-discovered the first ARS-specific binding protein, Abfl,
and DNA polymerase IV, involved in NHEJ; showed that DNA polymerase a, pol 8, and pol & were essential; discovered elements of
the conserved pathway for S phase specific expression of replication genes; defined the enzymatic functions of Cdc7 and Cdc8;
defined the role of the essential C-terminus of Pol2, the catalytic subunit of pol €, in holoenzyme assembly; showed that the Mrcl
checkpoint mediator interacted with the Pol2 C terminus; showed that Cdc6 was regulated by the cell cycle kinase, Cdk1. In 1983, we
discovered the archael/eukaryotic specific helicase/nuclease, Dna2, in a genetic screen. In characterizing Dna2, we emphasized
biochemical experiments in addition to molecular genetic studies and showed that there are at least two essential pathways for Okazaki
fragment processing in yeast. We showed how Dna2 and the conserved RecQ helicase Sgs1 form a RecBCD-like machine for
resecting breaks that initiate recombination. More recently, we extended our studies of DNA2 to Xenopus and to human cells, human
disease.

In 2014, I embarked on a new and exciting trajectory, the development of repair inhibitors for cancer treatment. I joined a
collaboration with the goal of isolating DNA?2 inhibitors with a City of Hope colleague. Using a novel homology-based structure of
DNAZ2 and a virtual high throughput screen combined with biochemistry, we identified a potent and specific inhibitor of DNA2, called
CS5, compound 5. My student, Wenpeng Liu, demonstrated that the inhibitor was on-target in vivo and collaborated with Katharina
Schlacher at MD Anderson to demonstrate that C5 inhibited over-resection in BRCA2 fork protection defective tumors, and showed
that C5 synergizes with PARPi (Liu et al., 2016). Both the composition of matter and use in cancer treatment were patented. We
carried out a screen of NCI 60 cancers and found that C5 was specific for colon, breast, and melanoma. The same cancers were shown
to be DNA2 dependent in massively parallel ShRNA screens. I entered into a collaboration with Prof. Brian Stoltz, also at Caltech, and
have isolated second-generation inhibitors with increased potency. We also carried out mouse xenograft studies and showed that C5
both inhibited tumor induction and reduced tumor growth at 25 mg/kg with high tolerability in human colorectal PDX experiments . In
this project, I will serve as PI of the overall award and oversee designing and interpreting the biological experiments to validate our
inhibitors and collaborate with Dr. Stoltz in developing assays and with Dr. Heinz-Joseph Lenz for interpreting organoid work.

Honors

2009 Ellison Medical Foundation Senior Scholar, Ellison Medical Foundation
1979 Research Career Development Award, National Institutes of Health
1966 Bavarian State Scholarship, University of Munich

1965 Pendleton Scholar, Wellesley College
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1. In 1979 we, chose yeast as a system to simultaneously exploit biochemistry and genetics for the study eukaryotic chromosomal
DNA replication. In a direct lineage from earlier work (cloning of the phage T7 replication origin and demonstration that an
origin RNA was an anti-sense regulator of plasmid replication), we defined the essential cis-acting sequences in origins of
replication (ARSs). We exploited reverse genetics to define functions of single proteins, developed plasmid shuffling to make
conditional mutants, and later incorporated the use of functional genomics to define whole pathways. We co-discovered the
first ARS-specific binding protein, Abfl, and DNA polymerase IV, involved in NHEJ; showed that DNA polymerase a, pol §
and pol € were essential; discovered elements of the conserved pathway for S phase specific expression of replication genes;
defined the enzymatic functions of Cdc7 and Cdc8; defined the role of the essential C-terminus of Pol2, the catalytic subunit of
pol &, in holoenzyme assembly; showed that the Mrc1 checkpoint mediator interacted with the Pol2 C terminus; showed that
Cdc6 was regulated by the cell cycle kinase, Cdkl1.

a. 389434

b. 3907855

c. 2645055

d. PMC369538

2. Our work on DNA polymerases has been founded on the premise that this machine is central to the organization of the
replication fork both at initiation or firing of origins and during elongation. We were the first to clone the gene encoding pol
alpha and invented reverse genetics using 5-FOA simultaneously with the Fink lab to show that pol alpha was essential. The
mutant was also useful in discovering verifying that pol epsilon and pol delta were distinct polymerases. We focused on the
least understood, pol E, and showed that it was a distinct polymerase by identifying the gene, Cdc2, that encoded pol delta and
creating mutants that were temperature sensitive for growth and that didn't affect pol delta. Up to that point, pol epsilon was
considered not to be required for replication because it was not required in the SV40 in vitro replication system. We went on to
show that it was not the polymerase activity that was essential but rather the C terminus, which we and others showed through
years of biochemical reconstitution is the major protein/protein interaction domain in the pol epsilon (series of 4 papers by
Dua, Edwards, and Reis). Most recently, we showed that the checkpoint regulator Mrc1 interacts with the C terminus of pol
epsilon and in that way regulates the slowing of S phase during the S phase checkpoint.

a. PMC358929
b. 9792727

c. 10428796

d. PMC2699584

3. Our lab has made many contributions to the understanding of the function of the DNA2 helicase/nuclease. We discovered
DNAZ2, identifying the dna2 mutant in a screen for new eukaryotic DNA replication mutants in yeast. Biochemical
characterization demonstrated that it was both a nuclease and helicase and reverse genetics showed that both nuclease and
helicase were essential for viability. We discovered that Dna2 copurified with FEN1 nuclease, and used extensive yeast
genetics to demonstrate that Dna2 and FEN1 function in the same pathway, Okazaki fragment processing. In collaboration
with the laboratory of Robert Bambara, we used biochemical reconstitution assays that indicated that FEN1 was the major
Okazaki fragment-processing enzyme and that Dna2 was likely involved only when flaps became long. This presented a
paradox because FEN1 is not essential in yeast, but DNA2 is essential. We resolved this paradox later by showing through
genetics that deletion of the checkpoint mediator protein, RAD9, suppressed the lethality of deletion of DNA2. (The
checkpoint is lethal in dna2 mutants because there is no function that can compensate for its DSB resection/repair function (see
Contribution 4), since Rad27 is dedicated to replication). Conversely, DNA2 can repair failures due to Rad27 deficiency if S
phase is delayed by the checkpoint, and rad27 rad9 double mutants are dead. This work illustrates our commitment to the
combination of genetic and biochemical approaches in our laboratory and to our expertise in both areas. We went on to
discover that Dna?2 in yeast plays a special role at telomeres, where it is required for telomerase-dependent telomere elongation,
recombinational healing of telomeres, and where it associates with telomeres in a cell cycle specific pattern. I recently
collaborated with Dr. BH Shen in demonstrating that telomeres are dysfunctional in the mouse Dna2 heterozygous knockout.

a. PM(C41201
b. 7592912

c. PMC133873
d. 12686542
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4. In 2004, using dna2 alleles as bait, we carried out a global synthetic lethal screen (SGA) in yeast in collaboration with the
Toronto group of C. Boone. 43 genes interacted with Dna2 and further demonstration of the interaction of these 43 genes with
each other generated a network of DNA replication and repair genes in yeast. Our analysis of the network revealed two
additional critical functions for Dna2: a role in mitochondrial maintenance and a role in DSB repair pathways. In work derived
from the network we discovered that deletion of Pifl helicase overcame the lethality of the dna2 deletion mutant. This had
both practical and scientific implications. It allowed us to demonstrate that dna2 nuclease can compensate for loss of Mrel 1
nuclease in DSB repair, suggesting Dna2 was the nuclease involved in 5’ resection at DSBs, which we and others quickly
proved using in vivo biochemistry. In further collaboration with the Bambara lab, biochemical experiments proved our
hypothesis that Pifl helicase is a processivity factor for pol delta/PCNA/Pol32 during Okazaki fragment maturation. During
this period we also carried out a microarray analysis of young and old yeast cells using dna2 mutants to enrich for prematurely
aged cells, and found that the pattern resembled gene expression in cells undergoing telomere attrition, i.e. telomeric
senescence in yeast.

a. PMC363132

b. PMC1298934
c. PMC1430326
d. PMC3089589

5. In 2005 we reported the characterization of human DNA2 protein. We then demonstrated a role in S phase using shRNA
knockdowns. We transitioned from an exclusively yeast lab to one with expertise in working with human cells, and we made
use of this to show that DNAZ2, as in yeast, is required for DSB repair in human cells. We reconstituted the Mrel1/Sgs1/Dna2
pathway with purified proteins in yeast and the MRN/BLM/DNA2 pathway in humans (collaboration with Stephen
Kowalczykowski). A major contribution to the studies was the discovery that RPA inhibits the 3" activity of DNA2, thus
preserving the 3' overhang for strand invasion during recombination and for checkpoint activation. Until recently, all
laboratories working on Dna2 biochemically used our expression vectors as this protein had proven very difficult to express
and purify. In particular, we engineered the clone that overexpresses yeast and human Dna2 in E. coli in amounts suitable for
biophysical studies. We showed that human cells, like yeast, deficient in DNA2 are defective repair of DSBs at replication
forks by DNA damage and that, as in yeast, DNA2 and EXO1 were redundant. We also found that DNA2 is a component of
the FA/BRCA pathway but that, surprisingly, depletion of DNA suppresses the DNA damage sensitivity of FANCD2 deficient
patient cells, suggesting that DNA?2 inhibitors that we are now developing, may be useful in sensitizing cells to DNA
damaging agents and establishing a therapeutic window for use of standard chemotherapies in FA patient cancers, which are
currently impossible because of the sensitivity of non-tumor cells. Most recently we showed that FANCD?2 stimulates strand
exchange by RADS1.

a. PMC1428797
b. PMC3042158
c. PMC3507494
d. PMC4050159
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       In 1979 we, chose yeast as a system to simultaneously exploit biochemistry and genetics for the study eukaryotic chromosomal DNA replication. In a direct lineage from earlier work (cloning of the phage T7 replication origin and demonstration that an origin RNA was an anti-sense regulator of plasmid replication), we defined the essential cis-acting sequences in origins of replication (ARSs). We exploited reverse genetics to define functions of single proteins, developed plasmid shuffling to make conditional mutants, and later incorporated the use of functional genomics to define whole pathways. We co-discovered the first ARS-specific binding protein, Abf1, and DNA polymerase IV, involved in NHEJ; showed that DNA polymerase α, pol δ and pol ε were essential; discovered elements of the conserved pathway for S phase specific expression of replication genes; defined the enzymatic functions of Cdc7 and Cdc8; defined the role of the essential C-terminus of Pol2, the catalytic subunit of pol ε, in holoenzyme assembly; showed that the Mrc1 checkpoint mediator interacted with the Pol2 C terminus; showed that Cdc6 was regulated by the cell cycle kinase, Cdk1.

a. 389434
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d. PMC369538
    
     
       Our work on DNA polymerases has been founded on the premise that this machine is central to the organization of the replication fork both at initiation or firing of origins and during elongation. We were the first to clone the gene encoding pol alpha and invented reverse genetics using 5-FOA simultaneously with the Fink lab to show that pol alpha was essential. The mutant was also useful in discovering verifying that pol epsilon and pol delta were distinct polymerases. We focused on the least understood, pol E, and showed that it was a distinct polymerase by identifying the gene, Cdc2, that encoded pol delta and creating mutants that were temperature sensitive for growth and that didn't affect pol delta. Up to that point, pol epsilon was considered not to be required for replication because it was not required in the SV40 in vitro replication system. We went on to show that it was not the polymerase activity that was essential but rather the C terminus, which we and others showed through years of biochemical reconstitution is the major protein/protein interaction domain in the pol epsilon (series of 4 papers by Dua, Edwards, and Reis). Most recently, we showed that the checkpoint regulator Mrc1 interacts with the C terminus of pol epsilon and in that way regulates the slowing of S phase during the S phase checkpoint.

a. PMC358929
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d. PMC2699584
    
     
       Our lab has made many contributions to the understanding of the function of the DNA2 helicase/nuclease. We discovered DNA2, identifying the dna2 mutant in a screen for new eukaryotic DNA replication mutants in yeast. Biochemical characterization demonstrated that it was both a nuclease and helicase and reverse genetics showed that both nuclease and helicase were essential for viability. We discovered that Dna2 copurified with FEN1 nuclease, and used extensive yeast genetics to demonstrate that Dna2 and FEN1 function in the same pathway, Okazaki fragment processing. In collaboration with the laboratory of Robert Bambara, we used biochemical reconstitution assays that indicated that FEN1 was the major Okazaki fragment-processing enzyme and that Dna2 was likely involved only when flaps became long. This presented a paradox because FEN1 is not essential in yeast, but DNA2 is essential. We resolved this paradox later by showing through genetics that deletion of the checkpoint mediator protein, RAD9, suppressed the lethality of deletion of DNA2. (The checkpoint is lethal in dna2 mutants because there is no function that can compensate for its DSB resection/repair function (see Contribution 4), since Rad27 is dedicated to replication). Conversely, DNA2 can repair failures due to Rad27 deficiency if S phase is delayed by the checkpoint, and rad27 rad9 double mutants are dead. This work illustrates our commitment to the combination of genetic and biochemical approaches in our laboratory and to our expertise in both areas. We went on to discover that Dna2 in yeast plays a special role at telomeres, where it is required for telomerase-dependent telomere elongation, recombinational healing of telomeres, and where it associates with telomeres in a cell cycle specific pattern. I recently collaborated with Dr. BH Shen in demonstrating that telomeres are dysfunctional in the mouse Dna2 heterozygous knockout.

a. PMC41201
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c. PMC133873
d. 12686542 
    
     
       In 2004, using dna2 alleles as bait, we carried out a global synthetic lethal screen (SGA) in yeast in collaboration with the Toronto group of C. Boone. 43 genes interacted with Dna2 and further demonstration of the interaction of these 43 genes with each other generated a network of DNA replication and repair genes in yeast. Our analysis of the network revealed two additional critical functions for Dna2: a role in mitochondrial maintenance and a role in DSB repair pathways. In work derived from the network we discovered that deletion of Pif1 helicase overcame the lethality of the dna2 deletion mutant. This had both practical and scientific implications. It allowed us to demonstrate that dna2 nuclease can compensate for loss of Mre11 nuclease in DSB repair, suggesting Dna2 was the nuclease involved in 5’ resection at DSBs, which we and others quickly proved using in vivo biochemistry. In further collaboration with the Bambara lab, biochemical experiments proved our hypothesis that Pif1 helicase is a processivity factor for pol delta/PCNA/Pol32 during Okazaki fragment maturation. During this period we also carried out a microarray analysis of young and old yeast cells using dna2 mutants to enrich for prematurely aged cells, and found that the pattern resembled gene expression in cells undergoing telomere attrition, i.e. telomeric senescence in yeast.
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       In 2005 we reported the characterization of human DNA2 protein. We then demonstrated a role in S phase using shRNA knockdowns. We transitioned from an exclusively yeast lab to one with expertise in working with human cells, and we made use of this to show that DNA2, as in yeast, is required for DSB repair in human cells. We reconstituted the Mre11/Sgs1/Dna2 pathway with purified proteins in yeast and the MRN/BLM/DNA2 pathway in humans (collaboration with Stephen Kowalczykowski). A major contribution to the studies was the discovery that RPA inhibits the 3' activity of DNA2, thus preserving the 3' overhang for strand invasion during recombination and for checkpoint activation. Until recently, all laboratories working on Dna2 biochemically used our expression vectors as this protein had proven very difficult to express and purify. In particular, we engineered the clone that overexpresses yeast and human Dna2 in E. coli in amounts suitable for biophysical studies. We showed that human cells, like yeast, deficient in DNA2 are defective repair of DSBs at replication forks by DNA damage and that, as in yeast, DNA2 and EXO1 were redundant. We also found that DNA2 is a component of the FA/BRCA pathway but that, surprisingly, depletion of DNA suppresses the DNA damage sensitivity of FANCD2 deficient patient cells, suggesting that DNA2 inhibitors that we are now developing, may be useful in sensitizing cells to DNA damaging agents and establishing a therapeutic window for use of standard chemotherapies in FA patient cancers, which are currently impossible because of the sensitivity of non-tumor cells. Most recently we showed that FANCD2 stimulates strand exchange by RAD51.
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       Our lab has made many contributions to the field of DNA replication in both prokaryotes and eukaryotes. In bacteria, we identified and characterized the first antisense regulatory RNA. In 1979 we chose yeast as a system to simultaneously exploit biochemistry and genetics for the study eukaryotic chromosomal DNA replication. We defined the essential cis-acting sequences in origins of replication (ARSs). We exploited reverse genetics to define protein functions, developed plasmid shuffling to make conditional mutants, and incorporated the use of functional genomics to define whole pathways. We co-discovered the first ARS-specific binding protein, Abf1, and DNA polymerase IV, involved in NHEJ; showed that DNA polymerase α, pol δ, and pol ε were essential; discovered elements of the conserved pathway for S phase specific expression of replication genes; defined the enzymatic functions of Cdc7 and Cdc8; defined the role of the essential C-terminus of Pol2, the catalytic subunit of pol ε, in holoenzyme assembly; showed that the Mrc1 checkpoint mediator interacted with the Pol2 C terminus; showed that Cdc6 was regulated by the cell cycle kinase, Cdk1. In 1983, we discovered the archael/eukaryotic specific helicase/nuclease, Dna2, in a genetic screen. In characterizing Dna2, we emphasized biochemical experiments in addition to molecular genetic studies and showed that there are at least two essential pathways for Okazaki fragment processing in yeast. We showed how Dna2 and the conserved RecQ helicase Sgs1 form a RecBCD­-like machine for resecting breaks that initiate recombination.  More recently, we extended our studies of DNA2 to Xenopus and to human cells, human disease. 

In 2014, I embarked on a new and exciting trajectory, the development of repair inhibitors for cancer treatment. I joined a collaboration with the goal of isolating DNA2 inhibitors with a City of Hope colleague. Using a novel homology-based structure of DNA2 and a virtual high throughput screen combined with biochemistry, we identified a potent and specific inhibitor of DNA2, called C5, compound 5. My student, Wenpeng Liu, demonstrated that the inhibitor was on-target in vivo and collaborated with Katharina Schlacher at MD Anderson to demonstrate that C5 inhibited over-resection in BRCA2 fork protection defective tumors, and showed that  C5 synergizes with PARPi (Liu et al., 2016). Both the composition of matter and use in cancer treatment were patented.  We carried out a screen of NCI 60 cancers and found that C5 was specific for colon, breast, and melanoma. The same cancers were shown to be DNA2 dependent in massively parallel shRNA screens. I entered into a collaboration with Prof. Brian Stoltz, also at Caltech, and have isolated second-generation inhibitors with increased potency. We also carried out mouse xenograft studies and showed that C5 both inhibited  tumor induction and reduced tumor growth at 25 mg/kg with high tolerability in human colorectal PDX experiments .  In this project, I will serve as Pl of the overall award and oversee designing and interpreting the biological experiments to validate our inhibitors and collaborate with Dr. Stoltz in developing assays and with Dr. Heinz-Joseph Lenz for interpreting organoid work.
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