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ABSTRACT

Fanconi anemia (FA) is an inherited disease characterized by a variety of
congenital defects, aplastic anemia, and a predisposition to cancer. On a cellular level,
cells from FA patients display hypersensitivity to DNA crosslinking agents and an
increased level of chromosomal rearrangements, making FA a disease of genome
instability. As genome instability is a hallmark of most malignancies, FA offers a unique
and valuable system in which to study human carcinogenesis.

At least 13 genes and their corresponding protein products cooperate in the FA
pathway, and mutation of any of these genes results in a similar phenotype. Research on
FA has been limited by the fact that few of the genes involved have homologues in lower
eukaryotes and few of the proteins contain conserved motifs suggestive of function. As
such, FA represents a mechanism of genome maintenance restricted to higher eukaryotes.

The ultimate goal of this work was to determine the function of the FA pathway
by identifying other interacting proteins with known or discernable function and by
determining pathways by which the FA pathway is regulated. We demonstrate that
FANCA, a member of the FA pathway, is phosphorylated in response to DNA damage,
that this phosphorylation is critical to the function of the pathway, and that this
phosphorylation is dependent on ATR kinase, an important kinase in the cellular DNA
damage response. Furthermore, we establish an interaction between the FA pathway,
RNA transcription, and RNA Polymerase II, an interaction suggestive of a previously
unknown function for the FA pathway and a new facet of the DNA damage response.
This places FA within the context of the overall cellular response to DNA damage and

defines a novel mechanism for human genome maintenance.
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CHAPTER 1:
Molecular Pathogenesis of Fanconi anemia

Fanconi anemia (FA) is both an inherited bone marrow failure and cancer
susceptibility syndrome. As such, the study of the molecular and cell biology of Fanconi
anemia represents a unique opportunity to identify potentially novel processes involved
in hematopoeisis and maintenance of genome stability. Almost all affected patients will
develop aplastic anemia and are susceptible to leukemia (specifically acute myelogenous
leukemia) and the development of solid tumors later in life (4, 17, 81, 148). In addition,
patients display a variety of congenital defects, most commonly growth retardation,
abnormalities of the upper extremity, and skin pigmentation defects (50). Patient-derived
cells are hypersensitive to DNA crosslinking agents such as mitomycin C (MMC) and
diepoxybutane and display characteristic chromosome breakage when challenged with
these agents, a phenotypic trait used in the clinical diagnosis of FA (8, 9).

FA has been traditionally thought of as a genetic disorder affecting children, but
recent discovery of sporadic inactivation of genes involved in FA implicates the pathway
broadly in oncogenesis. D’Andrea, et.al. first showed inactivation of FANCF by CpG
island methylation in a subset of ovarian cancers (175). Similar inactivation by
methylation was found in a case of sporadic acute myelogenous leukemia (AML) and in a
subset of cervical cancers (121, 180). Decreased expression of FANCA from an intact
allele was noted in a subset of sporadic AML with monoallelic deletion of FANCA (181).
In addition to inactivation by methylation, somatic mutations of FANCC and FANCG
have been found in cases of young-onset pancreatic cancer (26, 184). Furthermore,

genes causative of hereditary breast cancer in the heterozygous state, including



FANCDI=BRCA2 , FANCJ=BACHI1, and FANCN=PALB2, have been identified as
FA genes and confer an increased cancer risk (58, 143, 156). Since crosslinker
sensitivity is the hallmark of FA, one would expect tumors harboring FA mutations to be
particularly sensitive to crosslinking chemotherapeutic agents, a phenotype that could be
exploited therapeutically. Cells derived from AML samples of FA patients have,
however, variably demonstrated chemosensitivity or chemoresistance (64, 111, 180).
Acquired chemoresistance could be accounted for by genetic reversion in cells

maintained in culture (64).

FA Genes

FA patients can be divided into at least 13 complementation groups (FA-
A,B,C,D1,D2,E F,G,IJ,L,M,N) by cell fusion studies (85). Immortalized cell lines from
patients in these groups have proven to be invaluable in investigating FA and were used
in studies presented here. Only recently has the field seen the successful cloning of each
of the genes mutated in these groups (FANCA,B,C,D1,D2,EF,G,J,L.M,N) (146, 165).
The genes are significant because homologues are found only in vertebrates, with the
exception of FANCD2 which has homologues in C. elegans, Drosophila, and
Arabidopsis, the recently cloned FANCI which is conserved in most eukaryotes with the
exception of fission and budding yeast, and FANCM which has orthologues in yeast and
archaea (109, 165, 179). Until recently, none of the identified genes contained motifs
suggestive of biochemical function, and thus the functions of the proteins involved in FA
remained elusive. Several recently identified genes including FANCL,
FANCD1/BRCA2, FANCJ, and FANCM, discussed below, contain motifs suggestive of

biochemical function, but a unifying mechanism is still not understood.



FANCA,B,C,E,F,G, L, and M are known to interact in a protein complex termed the

core complex (reviewed in (54)). In the presence of an intact core complex, FANCD2
becomes monoubiquitinated, relocalizes to foci containing BRCA1, and is involved in the
response of the cell to DNA crosslinks. Genes involved in FA are discussed below and
summarized in Table 1.

FANCA was cloned by both expression and positional cloning (1, 42). Like most
FA proteins, FANCA does not have any motifs suggestive of function, but it does contain
two bipartite nuclear localization signals and a partial leucine zipper. FANCA is
phosphorylated, and phosphorylation is required for proper pathway function, but the
mechanisms by which phosphorylation is regulated were unknown (178, 200).

FANCB represents the first FA gene to display X-linked inheritance (107). All
other genes are autosomal recessive. The protein was isolated by biochemical
purification and sequencing and was the second FA protein to be identified in such a
manner. FANCB is a member of the core complex and is required for FANCD?2
monoubiquitination. Previously, the detection of biallelic BRCA2 mutations in FA-B
patients led to the proposal that BRCA2 was responsible for complementation group FA-
B, but identification of FANCB and associated inactivating mutations disproved that
conclusion (58). X-linked inheritance implies there may be a carrier risk in females
through random X inactivation, but, interestingly, in all carriers identified so far X
inactivation seems completely skewed to the mutant allele (107).

FANCC was the first FA gene cloned, in a classic expression cloning approach
using an FA-C cell line that is sensitive to crosslinkers (169). As has been the case for

many of the FA proteins, FANCC does not have any conserved motifs suggestive of
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function. Most FANCC mutations are one of two types, either an intronic mutation that

results in deletion of exon 4 (IVS4 +4 A to T) or a deletion in exon 1 (delG322). Exon 4
deletion results in complete loss of FANCC expression and a severe FA phenotype,
whereas exon 1 mutation allows for reinitiation, expression of a partially functional
fragment of FANCC, and a less severe phenotype (201). This illustrates a principal of
FA genetics, that FA phenotypes exist on a continuum of severity and that genotype
dramatically affects the severity of the FA phenotype.

FANCDI1 was recently identified as BRCA2, connecting the rare FA to the
clinically significant disease of hereditary breast cancer. Direct sequencing identified
biallelic mutations in BRCA2 in FA-DI1 cell lines, and wild-type BRCA2 complemented
the sensitivity of these lines to MMC (58). This discovery is significant also in that it
implies increased cancer risk in FA carriers. This increased cancer risk in heterozygotes
appears restricted to breast and ovarian cancer, rather than to FA-associated
malignancies. FANCD1/BRCA2 cells have characteristic FA associated phenotypes of
MMC sensitivity and chromosome instability, but FANCD?2 is monoubiquitinated
normally in response to DNA damage, leading to the conclusion that FANCDI acts
downstream of FANCD?2 (162).

The FANCD2 gene, whose encoded FA protein is one of few with homologues in
lower eukaryotes, was cloned positionally (179). It is a large protein, 1451 amino acids,
but contains no recognizable motifs. The protein has two isoforms, a long and a short
form, with the long form being a monoubiquitinated form of the protein at lysine 561
(K561) that is present following DNA damage and during S phase. FANCD2, usually a

dispersed nuclear protein, forms discrete nuclear foci after DNA damage and during S
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phase and colocalizes with proteins involved in the DNA damage response, including at

least BRCA1, Rad51, and BLM (47, 138, 173). In addition to ubiquitination, FANCD2
is modified by phosphorylation on serine 222 (S222) by the ATM kinase. Only the K561
site appears to be functionally important in the FA pathway, as mutation of the S222 site
does not alter crosslinker sensitivity (174). FANCD?2 is further phosphorylated on
threonine 691 and serine 717, with ATM and ATR both contributing to these events (57).
Mutation of these residues singly has limited functional consequences, but mutation in
tandem decreases FANCD2 monoubiquitination and results in crosslinker sensitivity
(57). Purified FANCD2 will bind DNA with structure specificity, with highest affinity to
double stranded DNA ends and Holliday junctions (135). Interestingly, purified
FANCD?2 with patient-derived mutations bound DNA with similar affinity.

FANCE was isolated by expression cloning. As is true of most FA proteins,
FANCE has no conserved motifs, save two nuclear localization signals, to suggest any
function (29). FANCE coprecipitates with members of the FA core complex and
FANCD?2 and, as the only protein with such behavior, is thought to be a molecular link
between the core complex and FANCD?2 (132, 172). Indeed, FANCE is required for the
nuclear accumulation of FANCC and the ubiquitination of FANCD2. FANCE has two
Chk1 kinase dependent phosphorylation sites. These sites, while not required for
FANCD2 monoubiquitination, are required to complement the MMC sensitivity of FA-E
cells (187).

FANCEF was cloned by complementation cloning and possesses a region of
homology to ROM, a prokaryotic RNA binding protein, although the homology is not in

the RNA binding motif region (30). Mutation of critical residues in this region seems to



have no effect on the function of the protein, however, so the significance of the
homology is unknown. FANCF is a member of the core complex and stabilizes the
interaction of other core complex members (84).

FANCG is the protein XRCC9, originally identified in a Chinese hamster ovary
mutant sensitive to ultraviolet light (31, 93). FANCG has no motifs suggestive of
function, but does contain several tetratricopeptide (TPR) motifs (11). These sequences
are often involved in mediating protein complex interactions, consistent with the presence
of FANCG in the FA core complex. FANCG is phosphorylated on at least three serine
residues, serines 7, 383, and 387 (113, 140). Two of these phosphorylation events, S383
and S387, occur at mitosis, a time when FA proteins are excluded from condensed
chromatin, and may regulate proper localization of the complex (113, 141). For at least
S387, the likely kinase is the mitotic kinase cdc2, previously shown to physically interact
with FANCC (79). Phosphorylation of serine 7 is functionally significant, but the
upstream regulation and downstream effects of this phosphorylation are unknown (140).
FANCG has also been shown to uniquely interact with FANCD1/BRCAZ2 in foci after
DNA damage and represents the only core complex member to possess such activity (62).

FANCI was only recently identified in a screen for protein targets of the kinases
ATM and ATR following ionizing radiation. It was then shown to be mutated in patients
from group FA-I, and the wild type gene complements cells from these patients.
Interestingly, it shares both sequence and functional homology to FANCD2, including
monoubiquitination of a critical lysine (lysine 523) following DNA damage. The
functions of FANCI and FANCD?2 are dependent on one another, as neither

monoubiquitination nor proper localization to foci occurs for either protein in the absence
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of the other. FANCI and FANCD?2 also physically interact, suggesting the presence of a

dimeric or multimeric complex between the two that is essential for maintaining genome
stability (163, 165).

FANCI is the BRCA1 associated C-terminal Aelicase, BACH1, also known as
BRIPI, identified as an FA gene by two groups simultaneously. One group used
positional cloning, and one group initiated a search specifically for FA patients deficient
in BACHI1 based on phenotypic similarity between FA cells and BACH1 deficient cells
(86, 92). BACHI, as the name suggests, is a DEAH-box containing helicase that
interacts with BRCA1 and unwinds DNA in a 5’ to 3’ direction (19). Other DEAH-
family helicases, including BLM, WRN, and RecQL4 are also associated with disorders
of DNA repair (147). FANCI is not required for FANCD2 monoubiquitination and is,
therefore, thought to act downstream of the core complex and FANCD?2 (92).

FANCL was the first FA protein identified by biochemical purification of proteins
involved in FA and sequencing by mass spectroscopy (106). FANCL is the ubiquitin
ligase PHF9. This protein is mutated in patients from complementation group FA-L and
is required for FANCD2 monoubiquitination in vivo. The protein has a PHD finger-type
E3 ubiquitin ligase motif characteristic of ubiquitin ligases and has enzymatic activity in
vitro by polyubiquitinating itself. While FANCL, as a core complex member, is required
for FANCD?2 monoubiquitination in vivo, FANCL has not been shown to directly
ubiquitinate FANCD?2 in vitro or in vivo. In the ubiquitin pathway, the E3 ligase is
responsible for transferring ubiquitin from an E2 ubiquitin conjugating enzyme to a
substrate. UBE2T has been proposed as the E2 for FANCD?2 on the basis that it

physically interacts with FANCL, is required for FANCD?2 ubiquitination in vivo, and



depletion results in chromosomal instability (94). No patients have, however, been
identified with mutations in UBE2T.

FANCM is another FA protein to be identified by biochemical purification of the
core complex and subsequent identification of unknown binding partners (109). FANCM
is exceptional in that it has two conserved functional motifs, a helicase motif at the N
terminus and an endonuclease motif at the C terminus that is homologous to the excision
repair protein ERCC4/XPF. The endonuclease motif, however, is degenerate at highly
conserved residues, and therefore may not be functional. Though neither helicase nor
endonuclease activity has been observed, FANCM does possess ATP dependent DNA
translocase activity, and the helicase domain binds forked DNA structures in vitro (109,
116). FANCM is hyperphosphorylated in response to DNA damage and is a member of
the core complex (109).

FANCN was identified in a way similar to FANCJ, by a targeted search for
mutations within FA patients for which the causative mutation was unknown, and was
shown to be identical to PALB2. PALB2 had been identified as a protein that interacted
with BRCA?2, was required for proper BRCA2 localization and activity, and, when
depleted, resulted in MMC hypersensitivity, a hallmark of FA (196). Pathogenic
mutations in PALB2 were identified, and cellular MMC sensitivity and BRCA?2
localization were corrected upon ectopic expression of PALB2 (146, 195). Importantly,
PALB?2 is thought to function in concert with FANCD1/BRCA?2 downstream of
FANCD?2. Consistent with this, FANCD?2 is ubiquitinated after DNA damage (146).

Though not a classical FA gene because patients have not been identified with

mutations in the gene, the deubiquitinase USP1 deserves mention in a review of proteins



impinging on the FA pathway. Through an RNAI based screen of deubiquitinases,
USP1 was identified as a gene, which, when inhibited, resulted in accumulation of the
long, monoubiquitinated form of FANCD2 (124). Furthermore, inhibition of USP1
protects cells from DNA breaks and rearrangements caused by MMC. Though evidence
of direct deubiquitination is lacking, USP1 may function in downregulating the FA
response after DNA damage.

The biochemical purification of the FA core complex and subsequent
identification of component proteins by mass spectrometry has been productive in
identifying FA proteins. As previously discussed, FANCB, L, and M were all identified
in this way. One other component of this complex is FAAP100 (Fanconi anemia
associated protein, 100kD). Similar to other FA proteins, it is necessary for FANCD?2
monoubiquitination, and loss of the protein leads to chromosomal instability. No patients
have, however, been identified with mutations in this gene (90).

Finally, the recent identification of FANCM led to the search for and
identification of FAAP24 (Fanconi anemia associated protein, 24kD). FANCM, as
previously mentioned, is a member of the ERCC4/XPF family of endonucleases. Family
members usually function as heterodimers, in which the partner also has an ERCC4
endonuclease domain, and the domain is functional in one and degenerate in the other.
Examples include ERCC1/XPF and MUS81/EME]1. Based on this paradigm, a search for
proteins in the human genome with homology to the nuclease domain of FANCM
revealed FAAP24. FAAP24 binds specifically to FANCM, is a member of the FA core
complex, and is required for FANCD?2 ubiquitination. Like FAAP100, no patients have

been identified with mutations in FAAP24 (23).



10

Protein interactions
Xeroderma pigmentosum (XP) is the prototypical genetic disease with multiple

implicated genes, cancer susceptibility, and defects in DNA repair (24). Many XP gene
protein products participate in a protein complex, so this paradigm was employed in
initial studies on FA proteins (7). Intuitively, then, it was not surprising that the FA core
complex emerged containing at least 8 of the FA proteins. The core complex is
represented in Figure 1-1, a diagram of the current understanding of the pathway.
Interestingly, the stability of the complex is impaired in many of the FA cell lines in
which one of the FA core complex members is mutant. Many of the mutants found in
nature for the FA genes result in unstable and thus non-expressed proteins.

Consequently, lack of one of the FA proteins often impairs the expression or stability of
other members of the complex. Even when one core complex member is mutant and
others are present, as is sometimes the case, then the complex appears unable to attain its
usual localization (78, 119, 200). The FA core complex has been shown to localize to the
nucleus and subcompartmentalize to chromatin as represented in Figure 1-1 (141). The
core complex varies in size as subcellular localization changes. The cytoplasmic core
complex is the smallest, with a size of approximately 500-600kDa. The nuclear form
reaches a size of 2MD, and a distinct, chromatin-bound form is approximately 1MD
(178). Because known FA proteins are constant within the various forms of the core
complex, the size differential is attributed to unknown binding partners of the FA core
complex. Most interestingly, the downstream FANCD2 complex exhibits a functional, if
not physical, interaction with the FA core complex. The FANCD?2 protein demonstrates

a monoubiquitinated form in response to DNA damage and S phase. Except for the rare
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FA-D1, FA-J, and FA-N complementation groups, FANCD?2 fails to become

monoubiquitinated in all FA cells. Thus, immunoblotting for ubiquitinated FANCD2
represents a general way to assess normal FA protein and pathway function (161). The
requirement for core complex formation in order to achieve FANCD?2
monoubiquitination, coupled with the presence of FANCL, a ubiquitin ligase, in the core
complex, has led to the notion that the sole function of the core complex is to act as a
ubiquitin ligase for FANCD?2. In an important experiment, however, Matsushita et. al.
showed that targeting a FANCD2-ubiquitin fusion to chromatin via a histone 2B fusion
was sufficient to correct cisplatin sensitivity in FA-D2 cells, but not in FA-C, FA-G, or
FA-L cells (102). This implies that the core complex may have other functions in the
crosslink response other than monoubiquitinating FANCD2 and targeting it to chromatin.
Modes of interaction among the FA proteins have been and continue to be an area
of intense research. The FANCA and FANCG proteins appear to directly interact and
indeed stabilize each other. Recent yeast two hybrid experiments have revealed that
FANCEF appears to be a molecular “tether” of sorts between the FANCA-FANCG
heterodimer and FANCC (53, 104). Similarly, yeast two hybrid studies have shown a
direct interaction between FANCB and FANCL, and FANCA association with this
heterodimer is dependent on other core complex members (105). Furthermore, FANCE
is the only FA protein that is a member of both the FA core complex and the FANCD?2
complex, implying physical communication between the two (132). It seems logical to
hypothesize, based on the evidence for subcomplexes within the FA pathway, that
smaller complexes form and may participate in a variety of functions within the cell

including but not limited to monobuiquitination of FANCD?2.
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Function
DNA Repair

With no yeast or lower eukaryotic homologues corresponding to almost all of the
FA genes, unraveling the function of the proteins involved in FA has been uniquely
challenging. FA mutant cells have been traditionally classified as having a defect in the
normal cellular DNA repair response. Notably, FA is phenotypically similar to disorders
of DNA repair that result in cellular hypersensitivity to DNA damage, such as xeroderma
pigmentosum (XP), ataxia telangiectasia (AT), and Nijmegen breakage syndrome (NBS).
These disorders share a predisposition to cancer, chromosomal instability, and a
hypersensitivity to a particular type of DNA damage. The defect in FA is exemplified
by the diagnostic test for FA: incubation of FA cells with DNA crosslinkers results in
quantifiable chromosomal breakage and aberrations. In recent years, the characterization
of FANCD?2 has steered the FA field more into the mainstream of cancer biology.
D’Andrea’s group demonstrated the interaction of FANCD2 with BRCA1 in DNA
damage-inducible nuclear foci (48). Subsequent identification of BRCA?2 as the
FANCDI1 gene has solidified a role for the FA pathway in the cellular response to DNA
damage.

Interstrand crosslinks are thought to be removed by a process involving excision
of the lesion by ERCC1/XPF, processing through a double strand break intermediate in S
phase, and repair by homologous recombination or other DSB repair pathway (36). The
FA pathway has been logically examined at each of these steps. Evidence suggests that
crosslinked DNA 1is excised properly in FA mutant cells and processed to a DSB. FA-A,

FA-D2, and FA-C cells treated with MMC or 4'-hydroxymethyl-4,5',8-trimethylpsoralen
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(HMT), a photoactivatable crosslink-inducing agent, restored DNA migration in the

comet assay with wild type kinetics, indicating effective crosslink incision (137, 149).
When DSB formation was monitored by pulsed field gel electrophoresis or YH2AX foci
formation, DSBs were formed normally in FA-C and FA-D2 lines (137, 149). yYH2AX
foci formation is one of the earliest known events following DSB formation, and, as such,
indicates that the defect in FA is most likely downstream of the DSB.

Once the DSB is created in the process of removing a crosslink, DSB repair is
thought to occur by one of three mechanisms: non-homologous end joining (NHEJ) or
single-strand annealing (SSA), which may introduce errors, or homology directed repair
(HDR), generally considered to be error-free (190). Several lines of evidence support a
role for FA proteins in HDR. First, FA proteins interact physically or functionally with a
set of proteins strongly linked to HDR, including BRCA1, BRCA2, and RADSI.

BRCA1 and BRCAZ2 have been strongly tied to DNA repair in several ways, including
isolation of a BRCA1 supercomplex containing other proteins involved in DNA repair
such as BLM, NBS, RADS50, and MREI11 (188). FANCD?2 colocalizes with BRCA1 and
RADSI in foci after DNA damage and during S phase (173). RADS]1 is a protein
required for homologous recombination that forms filaments at sites of DSBs at the onset
of the repair process. More recently, FANCD?2 has also been shown to interact physically
and functionally with BRCA2/FANCDI1. A physical interaction was shown by yeast two
hybrid and coimmunoprecipitation, and BRCA2 damage-inducible foci fail to form in the
absence of FANCD?2 (61, 186). Recent data has also placed FANCG in a complex with
BRCA2 (62). Further implicating FA proteins in HDR, in FANCD1/BRCA2 mutant

cells, RADS1 foci fail to form in response to DNA damage (51). Finally, cells deleted or
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mutated for either BRCAL1 or 2 are phenotypically similar to FA cells, displaying gross

chromosomal rearrangements when challenged with DNA damaging agents (185).
Given this set of proteins interacting with FA proteins, many have looked for
defects in homologous recombination in FA cells. Using the chicken B-cell line, DT40,
FANCG, FANCC, and FANCD?2 mutant cells were all shown to be defective in HDR of
an [-Scel induced DSB (123, 198, 199). In a similar assay monitoring homology directed
repair of an I-Scel DSB, patient-derived cells from groups FA-A, G, and D2 as well as
mice homozygous for FANCA deletion were shown to be defective in HDR (120, 203).
Taken together, these results argue that the defect in FA may be, indeed, in HDR. In
apparent contrast to these results, however, elevated levels of interplasmid,
extrachromosomal homologous recombination have been seen in FA-A, C, and G cells,
suggesting that it is the regulation of HDR that is perturbed in FA and not the actual
enzymatic machinery (34). Also arguing against a role for FA proteins in HDR is
epistasis analysis of BRCA2/FANCDI1 or RADS1 and FANCD2. When BRCA2 or
RADSI is depleted by RNAi in FA-D2 cells, an additive effect on MMC sensitivity is
seen, indicating they may function in separate, distinct pathways (129). In apparent
contrast, depletion of BRCAI in FA-A cells had an additive effect on quadriradial
formation, but depletion of BRCA2/FANCDI had no additional effect, suggesting
BRCAZ? functions in the FA pathway, but BRCAL1 functions in a non-epistatic manner
(15). This apparent contradiction could be caused by the different phenotypes
considered, crosslinker sensitivity vs. chromosomal aberrations, or it could be caused by
an inherent difference between FA-A and FA-D2 cells. DNA repair pathways contain

proteins that have multiple, partially overlapping functions, and epistasis analysis of the
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BRCA proteins and the FA pathway is therefore difficult to interpret. Given cellular

phenotypes, patient phenotypes, and what is known about the biochemistry of FA,
certainly a defect in HDR is an attractive hypothesis for the defect in FA patients, but, at
this point, the data remain inconclusive.
Cell Cycle

The phenotype of DNA repair cannot be discussed without addressing the cell
cycle phenotype of FA. Indeed, as the lesion caused by crosslinkers is thought to be
encountered in S phase, DNA repair and the cell cycle are inextricably linked (3).
Several lines of evidence link FA to S phase of the cell cycle. FA cells have been known
to have increased time within S phase and display increased unscheduled DNA synthesis
following DNA damage, generally considered to result from a failure to activate the S
phase checkpoint (174). Two PI3-like kinases, ATM and ATR, are thought to oversee
the cell cycle response to DNA damage, and both have been shown to functionally
interact with the FA pathway. ATM, the protein mutated in ataxia telangiectasia, is
activated primarily in response to types of DNA damage caused by ionizing radiation,
namely double strand breaks. ATM has multiple downstream targets that activate DNA
repair pathways and stall the cell cycle to give sufficient time for repair to occur. One
downstream target of ATM is FANCD?2 on serine 222, and phosphorylation is necessary
for activation of the S phase checkpoint but is not required for FANCD2
monoubiquitination or foci formation (174). Mutation of serine 222 on FANCD?2 does
not abolish the ability of FANCD2 to correct FA-D2 cells.

ATR is activated following damage that stalls replication forks, such as UV light

or hydroxyurea. Like ATM, it has a set of downstream targets for activating DNA repair
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processes and stalling the cell cycle. ATR is hypomorphic in a disorder known as

Seckel syndrome, which is phenotypically similar to FA. Patients with Seckel syndrome
variably display thumb abnormalities, aplastic anemia, and a propensity to cancer.
Similarly, cells from Seckel patients exhibit gross rearrangements when challenged with
MMC, further mirroring the FA phenotypes (6). Importantly, FANCD?2 is not
monoubiquitinated when ATR is decreased in Seckel cells or by RNA1, definitively
linking ATR to activation of the FA pathway (6). ATR is essential for the S phase
checkpoint, as cells lacking ATR do not show an appropriate decrease in DNA synthesis
following DNA damage (139). Nbsl, one of three proteins affected in Nijmegen
Breakage Syndrome (NBS), has, by epistasis analysis, been shown to act in the same path
as FA proteins in maintaining the S phase checkpoint downstream of ATR (139).
Evidence also exists that FANCD2 may, in addition to being a substrate of ATM, be a
phosphorylation substrate for ATR as well (57, 139). Also arguing for a role for the FA
proteins in S phase, core complex FA proteins associate with chromatin specifically in S
phase, and FANCD?2 is monoubiquitinated in S phase irrespective of DNA damage,
implying that the FA pathway plays a role in normal cell physiology during S phase (48,
112).

Despite accumulating evidence linking FA protein function to S phase, FA
proteins are present and clearly play a role at other phases of the cell cycle. Many
investigators have described the increased percentage of G2/M after crosslink treatment,
an observation used as a diagnostic tool for FA patients (39, 75, 114, 152). FANCC
binds cdc2, the mitotic kinase, arguing for a role in moving from G2 to mitosis (79). In

support of this role, both FA-C and FA-D2 cells are unable to maintain the G2 checkpoint
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following ionizing radiation (44). Finally, FA proteins are regulated at other stages of

the cell cycle, including the phosphorylation of FANCG at S383 and S387 during
mitosis, coinciding with the exit of the proteins from condensed chromatin (113). Taken
together, the FA proteins clearly impinge on the cell cycle checkpoints, while at the same
time evidence suggests the proteins are more directly involved in DNA repair. Whether
these two roles for the FA proteins represent a unified function or distinct functions
remains an unanswered question.
Oxidative damage and defective cell signaling

With at least 13 proteins involved in the FA pathway, it is possible that some or
all of the proteins are multifunctional, possessing roles in addition to their roles in DNA
repair or the cell cycle. In support of this notion, FA proteins have been implicated in the
cellular response to oxidative stress. Historically, FA cells have been noted to be
sensitive to increased oxygen conditions. Initial observation revealed that FA mutant
cells have increased levels of reactive oxygen intermediates and 8-hydroxy-deoxyguanine
(80OHAG), a DNA lesion that arises from oxidative damage (32, 45, 71, 170). These data
led to the notion that the FA pathway may be involved in the normal response to oxygen
stress. Indeed, in further studies, FA proteins were shown to interact with several
proteins essential to counteract free oxygen radicals in the response to oxygen. A small
population of FANCC interacts with NADPH:cytochrome ¢ (P-450) reductase (RED), an
enzyme crucial to oxidative metabolism of various drugs and other compounds (74). In
this study, overexpression of FANCC inhibited the enzymatic activity of RED, implying
a model whereby, in the absence of FANCC, RED activity is not appropriately

attenuated, leading to the accumulation of reactive oxygen metabolites. A similar model
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was proposed following observation of an interaction between FANCG and

cytochrome p450 2E1 (CYP2E1) (45). In this case, higher levels of CYP2E1 were
observed in FA-G mutant cells than in wild type or FANCG-complemented cells,
suggesting that FANCG is involved in proper regulation of CYP2E1. In the absence of
this interaction, unregulated oxygen metabolism may be damaging to the cell. Not only
have FA proteins been shown to negatively regulate proteins that create oxygen radicals
as part of their enzymatic activity, but FANCC has also been shown to positively regulate
glutathione S transferase P1 (GSTP1), an enzyme involved in removing oxygen
metabolites (27). In this case, FANCC prevents the inactivation of GSTP1 following
apoptotic stimuli and prevents cell death. An important prediction of the model of FA
proteins in the response to oxidative stress is that FA cells would be hypersensitive to
agents that induce oxidative damage, such as hydrogen peroxide. Studies have reported
contradictory data that FA cells do show an impaired response to such agents. FA-C cells
are not sensitive to a wide range of free radical-producing agents, including H,O, (77). In
apparent contradiction, however, MEFs from fancc -/- mice show increased sensitivity to
H,0,; as measured by cell killing, and FA cells display an increased accumulation of
8OHJG following H,O, treatment (150, 170, 209). Importantly, however, all FA cell
lines were able to repair the breaks caused by such lesions soon after treatment, leading to
the question whether this phenotype is functionally significant (209).

As the most common phenotype of FA patients is aplastic anemia, a logical
hypothesis is that bone marrow of patients becomes aplastic due to increased apoptosis
among the hematopoeitic stem cell populations. Indeed, this population has been shown

to be hypersensitive to interferon y (IFN-y)-mediated apoptosis in both fancc-/- mice and
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in FA-C patients (144, 191). IFN-y normally acts through the IFN receptor, leading to

phosphorylation of STAT-1, a mitogenic transcription factor through which many of the
downstream effects of IFN-y are transduced. Paradoxically, despite hypersensitivity to
IFN-y, STAT-1 phosphorylation is impaired in FA-C cells, and complementation of FA-
C cells with FANCC restores wild-type STAT-1 activity (133). Furthermore, FANCC
was shown to bind STAT-1, suggesting that FANCC is essential for properly regulating
STAT-1 activation (133). Since IFN-y exerts its pro-apoptotic responses primarily
through STAT-1, but STAT-1 activation is impaired in FA-C cells, the hypersensitivity to
IFN-y should be STAT independent. To explain the IFN-y hypersensitivity, therefore,
PKR, the protein kinase that responds to dsSRNA has been implicated. PKR is IFN-y
responsive, does not require STAT signaling, and demonstrates increased activation in
FA-C mutant cells, a phenotype that is restored to wild type upon expression of a
functional FANCC (134).

Conclusion
It has been 15 years since the Buchwald group reported the cloning of the first FA

gene, FANCC. Since that beginning, the knowledge of FA has increased exponentially.
Numerous genes have been cloned, and protein-protein interactions have been
established. Biochemical functions are just beginning to be discovered and understood.
The work and associations that have been made that have transformed the study of FA
from that of an obscure genetic disease to that of a system of proteins that have direct and
profound connections to cancer biology. Most dramatically, links to the familial breast

cancer genes BRCA1 and BRCA2 have led to FA attaining a place in the forefront of
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cancer biology. The current understanding of the molecular pathogenesis of the FA

pathway is summarized in Figure 1-1.

In spite of the knowledge gained, many questions remain as to the significance of
the presence and localization of the protein complexes in both the cytoplasm and in the
nucleus. Divergent research has established FA in the realm not only of DNA repair and
the cell cycle, but also of cytokine deregulation, signaling defects, redox metabolism, and
apoptosis. Further work will undoubtedly help ascertain whether FA proteins will have a
unified function or if multiple and separable functions will be described. It is the search

for this function that is the focus of this research.



Table 1-1: Complementation groups, genes, and features of proteins responsible
for Fanconi Anemia
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MOLECULAR FANCD2-UB
SUBTYPE GENE LOCATION WEIGHT FUNCTIONAL MOTIF(S) IN MUTANT
A FANCA 16q24.3 163 kD Nuclear Localization Signal -
(NLS), Partial Leucine Zipper
B FANCB Xp22.2 95 kD Putative NLS -
C FANCC 9q22.3 63 kD -
D1 FANCD1/ 13q12.3 380kD BRC repeats, Transcriptional +
BRCA2 Activation Domain, NLS
D2 FANCD2 3p26 155 kD, Monoubiquitinated after DNA N/A
162 kD damage/ S phase
E FANCE 16p22-p21 60 kD -
F FANCF 11pl5 42 kD Homology to ROM -
G FANCG 9pl3 68 kD Leucine Zipper, TPR repeats -
I FANCI 15q25-26 150kD FANCD?2 paralog -
J FANCJ/ 17q22-24 130kD DEAH Helicase +
BACH1/
BRIP1
L FANCL/ 2pl6.1 43 kD Ubiquitin Ligase -
PHF9
M FANCM 14921.3 250kD Helicase, Endonuclease -
(degenerate?)
N FANCN/ 16p12.1 130kD +
PALB2
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Figure 1-1: Current understanding of FA protein pathway.
FA Core complex localizes to chromatin during S phase and in response to DNA damage.

Within the core complex, FANCA, FANCG, and FANCM are phosphorylated. In the

presence of intact core complex, FANCD?2 is monoubiquitinated on K561 and colocalizes

in nuclear foci with BRCA1 where it carries out its roles in DNA repair and/or cell cycle

control. FANCI is also monoubiquitinated, associates with FANCD2, and localizes to

chromatin. FANCD?2 is a phosphorylation target of ATM and ATR. At mitosis, FANCG

is phosphorylated and the core complex is excluded from the nucleus and condensed

chromatin.
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CHAPTER 2:
Thesis Rationale and Specific Aims

FA, being a disease of cancer predisposition, defective hematopoeisis, and
congenital defects, is a clinically significant problem and therefore warrants
investigation. Even more compelling, however, is the potential for FA biology to offer
insight broadly into human carcinogenesis. The study of rare genetic disorders has
revealed key players in human genome surveillance, maintenance, and repair pathways.
Many of those key regulators are summarized in Table 2-1. Found in the list are genes
involved in all of the DNA repair processes currently known, including homologous
recombination, non-homologous end joining, mismatch repair, and nucleotide excision
repair. FA may represent a branch of one of these known pathways or may represent a
new pathway for maintenance of genome stability.

Complicating the study of FA is the fact that few of the proteins involved are
suggestive of any function of the pathway. Furthermore, lack of orthologous proteins in
lower species gives no clues as to the evolution of the pathway and is suggestive that the
FA pathway may have arisen to combat genomic insults faced uniquely by higher
eukaryotes. The overall aim of this research was, then, to investigate the function of the
proteins involved in the FA pathway and examine their roles in the context of the cellular
response to DNA damage to cooperatively maintain genome stability. Our overall
approach to this problem was to analyze the regulation of individual proteins and identify
new binding partners with known or discernable function. Specific aim 1 addresses the
regulation by phosphorylation of FANCA, a protein mutated in FA, while specific aim 2

addresses the broader question of the function of the FA pathway.
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Specific Aim 1:

Previous work in our lab and others suggested that FANCA was a phosphoprotein
and that this phosphorylation was inducible by DNA damage (76, 178). We
hypothesized this phosphorylation is critical to the function of the FA pathway. The
purpose of this work is:

To determine the phosphorylation sites on FANCA. We proposed that stabilizing the
phosphorylation using phosphatase inhibitors would allow use of mass spectroscopy to
identify phosphorylated residues. We show that FANCA 1is phosphorylated on serine
1449, near the C terminus of the protein. Using a phospho-specific antibody for
phosphoserine 1449 we show FANCA is phosphorylated after DNA damage, consistent
with previous findings.

To evaluate the functional significance of FANCA phosphorylation. If serine 1449
phosphorylation is a functionally critical event, we expect cell lines mutant at serine 1449
to display FA-associated phenotypes. Patient-derived FA-A cell lines transduced with
FANCA mutated at serine 1449 to alanine (S1449A) were used to test a variety of
phenotypes. In all phenotypes tested, FANCA S1449A failed to completely correct the
mutant phenotype to wild type, indicating that phosphorylation of serine 1449 is a
functionally important event.

To discover the kinase responsible for phosphorylating FANCA. Serine 1449 is
found within a consensus ATM/ATR kinase site, so we hypothesized that ATR or ATM,
kinases associated with the DNA damage response, may be responsible for serine 1449

phosphorylation. Using kinase specific inhibitors, RNA interference, and kinase-
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deficient cell lines, we show that ATR phosphorylates FANCA serine 1449 in vitro

and is required for phosphorylation in vivo. Phosphorylation by ATR kinase places core

complex regulation within the broader cellular DNA damage response.

Specific Aim 2:

The FA pathway has been investigated for defects in the known pathways of
DNA repair, and no specific link has been found. We hypothesize, therefore, that the FA
pathway represents a novel mechanism for DNA repair, and preliminary data suggests
this may be tied to RNA and transcription. The purpose of this work was:
To determine if a functional and/or physical interaction exists between members of
the FA pathway and RNA Polymerase I1. If FA proteins interact with RNAPII, we
expect to demonstrate a physical interaction through cofractionation, coprecipitation, and
colocalization and/or a functional interaction through the use of inhibitors of RNAPII.
We show FA proteins bind RNA in vitro. Pharmacological inhibition of transcription
blocks the FA pathway and sensitizes cells to DNA crosslink damage. Furthermore,
RNAPII cofractionates and coprecipitates with FANCD2, suggestive of both a functional
and physical link between the FA proteins, RNA, and transcription.
To discover a mechanism for the FA pathway linking it to RNA Polymerase II. If
RNAPII is essential to the FA pathway, then we hypothesize there is a defect in RNAPII
activity or regulation in FA cells. By examining known RNAPII activities in response to
DNA damage, we sought to determine if this was intact in FA cells. RNAPII is

polyubiquitinated after DNA damage and targeted for the proteasome, a modification that
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does not occur in FA cells. This provides one mechanistic link between the FA

pathway and RNAPII.
Further experiments are required to fully understand the function of the FA
pathway, but the data presented here identifies a new mechanism of regulation and

provides support for a previously unknown function for FA proteins.
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Table 2-1: Rare genetic disorders that have contributed to understanding of
cancer biology.

Disease Genes with responsible mutation
Li-Fraumeni Syndrome p33

Ataxia Telangiectasia ATM

Hereditary Breast Cancer BRCAI, BRCA2

Xeroderma Pigmentosum Nucleotide Excision Repair genes
Hereditary Non-Polyposis Colorectal Carcinoma | Mismatch Repair genes

Familial Adenomatous Polyposis APC

Retinoblastoma Rb

Nijmegen Breakage Syndrome Nbs1/Mrel1/Rad50
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CHAPTER 3:
ATR-dependent phosphorylation of FANCA on serine 1449 after DNA
damage is important for FA pathway function

Abstract

Previous work has shown several proteins defective in Fanconi anemia (FA) are
phosphorylated in a functionally critical manner. FANCA is phosphorylated after DNA
damage and localized to chromatin, but the site and significance of this phosphorylation
are unknown. Mass spectrometry of FANCA revealed one phosphopeptide,
phosphorylated on serine 1449. Mutation of this residue to alanine (S1449A) abolished a
slower mobility form of FANCA seen after DNA damage. Serine 1449 phosphorylation
was induced after DNA damage but not during S phase, in contrast to other post-
translational modifications of FA proteins. Furthermore, the S1449A mutant failed to
completely correct a variety of FA-associated phenotypes. The DNA damage response is
coordinated by phosphorylation events initiated by kinases ATM and ATR, and ATR is
essential for proper FA pathway function. Serine 1449 is in a consensus ATM/ATR site,
phosphorylation in vivo is dependent on ATR, and ATR phosphorylates FANCA on
serine 1449 in vitro. Together these data support the conclusion that phosphorylation of
FANCA on serine 1449 is a DNA damage-specific event that is downstream of ATR and

is functionally important in the FA pathway.
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Introduction

Fanconi anemia is a genetic disorder characterized by a variety of congenital
defects, aplastic anemia, and a susceptibility to cancer (4, 80). At the cellular level, cells
from patients are hypersensitive to agents that cause DNA crosslinking, including
mitomycin C (MMC). Cells display increased levels of chromosomal aberrations, making
FA a disease of genome instability. Patients have been categorized into at least thirteen
complementation groups FA-A, B, C, D1, D2, E, F, G, 1, J, L, M,N), and the genes
responsible for eleven of these have been cloned (FANCA, B, C, DI=BRCA2, D2, E, F,
G, J=BACHI, L, M, N=PALB2) (Reviewed in (25, 68, 146, 171, 195). Despite the
progress made in identifying FA genes, the function of most of these proteins remains
unknown. Several of the protein products interact in a complex, termed the core complex.
The composition of this complex changes with subcellular localization, but a nuclear
form contains the FANCA, B, C, E, F, G, L, and M proteins (106-108, 178). The
integrity of the core complex is essential for FANCD2 monoubiquitination after DNA
damage and during S phase, at which point FANCD?2 relocalizes to foci that colocalize
with proteins involved in homologous recombination such as BRCA1 and Rad51 (47,
173). The exact biochemical mechanism by which FA proteins impact DNA damage
repair is unknown.

The FA core complex is regulated by cell cycle position and by DNA damage, but
the mechanism of this regulation is largely unknown. In response to DNA damage and
during S phase the core complex translocates from the cytoplasm to the nucleus and

increases in molecular weight (178). Presence in the nucleus is essential for the complex
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to exert its function (119). The core complex is required for FANCD?2

monoubiquitination, but may have other, as yet undetermined roles (47, 102). FANCA,
FANCG, FANCM, FANCE, FANCD2, and FANCI are phosphoproteins, underscoring
the importance of phosphorylation to the FA core complex and FA pathway (57, 76, 108,
113, 140, 164, 174, 187).

FANCAG is phosphorylated on at least three functionally important serine residues,
two of which are important for egress of the core complex from chromatin at mitosis, and
the third of which is phosphorylated upon DNA damage and during S phase (113, 140).
FANCM, recently identified, is phosphorylated in response to DNA damage, but the sites
and significance of those phosphorylations are unknown (108). FANCD?2, while not a
member of the core complex, is phosphorylated by ATM kinase on serine 222, a
modification essential for S phase arrest following DNA damage but not for FA pathway
function (174). Two other phosphorylation sites have been mapped on FANCD2, with
ATR and ATM kinases contributing variably to these events (57). FANCE has also been
recently identified as a phosphoprotein via the Chk1 kinase (187). FANCI was identified
as a target of ATM or ATR but the functional significance of the phosphorylations is
unknown (164).

Similarly, FANCA is a phosphoprotein, but the kinase responsible, as well as the
site of phosphorylation, has not been identified to date (76, 197). FANCA
phosphorylation is abrogated in FA-A mutant cells derived from patients, suggesting it is
a functionally important event (2, 76). Previous work in our lab showed that FANCA is
phosphorylated on chromatin only after DNA damage (178). FANCA contains a

consensus site for Akt phosphorylation at serine 1149 and is a substrate for Akt in vitro,
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but Akt is not the kinase for FANCA in vivo (131). Alternatively, the phosphorylation

is sensitive to wortmannin, a PI-3 kinase inhibitor that inhibits ATR and ATM,
suggesting these kinases may be involved (197). ATR and ATM are kinases that initiate
phosphorylation signaling cascades in the response to DNA damage, with ATM most
strongly activated in response to double strand breaks (DSBs), and ATR activated in
response to a variety of replication stressors (103). In addition to both being kinases for
FANCD2, ATR is also essential for FANCD2 monoubiquitination in response to DNA
damage (6, 57, 174). Furthermore, patients with Seckel syndrome, one form of which
results from ATR deficiency, are phenotypically similar to FA patients (127).

In this study we set out to identify FANCA phosphorylation sites and to
demonstrate the functional importance of this phosphorylation to the FA pathway. Here,
we report the phosphorylation of FANCA at serine 1449, demonstrate its functional
significance for proper FA pathway function, and provide evidence for ATR as a FANCA

kinase.

Materials and Methods

Cell Culture - Cells were maintained at 37° in a 5% CO, incubator. HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). GM 6914 FA-A mutant cells were grown in DMEM plus 15%
FBS. MG7 lymphoblasts were grown in RPMI + 15% FBS. Ataxia telangiectasia
fibroblasts, AT221 JE-T pEBS7, and corrected cells, AT221 JE-T pEBS7-YZ5, were
obtained from Dr. James Larner, Department of Radiation Oncology, University of

Virginia, and were maintained in DMEM with 15% FBS.
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Preparation of Flag-FANCA S14494 - pMMP-Flag-FANCA S1449A was constructed
from pMMP-Flag-FANCA (78) using Stratagene’s QuickChange site directed
mutagenesis kit. The resultant plasmid was sequenced to confirm serine to alanine
mutation and check for PCR-introduced mutations. GM 6914 and GM 6914 DR-GFP
plus pMMP-Vector, pMMP-FANCA, or pMMP FANCA S1449A were produced by

retroviral transduction as previously described (76, 130).

Mass spectrometry — All MS work was performed by the Mass Spectrometry Core at the
University of Virginia. Briefly, silver stained bands (SilverQuest, Invitrogen) were
trypsin digested and subjected to liquid chromatography mass spectrometry (LC-MS) on
an ion spray mass spectrometer. Spectra were analyzed and peptides were identified

using the Sequest search algorithm. Identity was confirmed manually.

Cell lysate and chromatin extract preparation — Whole cell lysates were prepared by
suspending cell pellets in cell lysis buffer containing 300mM NaCl, 50mM Tris pH7.5,
1% Triton X-100, and protease and phosphatase inhibitors (2ug/ml Aprotinin, 1ug/ml
Pepstatin, 2ug/ml Leupeptin, ImM PMSF, 1mM Sodium Pyrophosphate, ImM NaF,
ImM B-glycerophosphate, and 1mM Na;VO,). Cell suspensions were sonicated briefly,
then cleared by centrifugation at 14000 rpm for 15 minutes. Concentration of proteins in

the supernatant was determined by Bradford assay. Chromatin extracts were prepared as

described (141).
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Immunoprecipitation — To the indicated amount of protein in a volume of 1ml was

added 20ul anti-Flag M2 agarose (Sigma) previously washed in Tris-buffered saline
(TBS). Immunoprecipitates were incubated for 1.5 hours, and beads were washed three
times in the same cell lysis buffer and dried. SDS loading buffer was added to the dried

beads.

SDS-PAGE and Immunoblotting — SDS-PAGE using the method of Laemmli was
followed by transfer onto nitrocellulose in buffer containing 25mM Tris, 200mM glycine,
and 20% methanol. Membranes were blocked in TBS + 5% BSA for 1 hour. Primary
antibodies were diluted in TBS + 0.1% Tween 20 (TBST) and incubated 3 hours to
overnight. Membranes were washed four times in TBST, then horseradish-peroxidase
linked secondary antibodies (GE Healthcare) were added in TBST for 1 hour. Aftera
second wash, proteins were visualized by chemiluminescence (Pierce SuperSignal West
Pico). Antibodies used were against FANCA-N terminal (1:1,000) (78), FANCD2-N
terminal (1:1,000) (140), FANCG-N terminal (1:1,000) (141), B-tubulin (1:10,000)
(DM1B, Calbiochem), topoisomerase II (1:1,000) (SWT3D1, Calbiochem), Ku86
(1:1,000) (B-1, Santa Cruz), ATR (for immunoprecipitation, PA1-450, Affinity
BioReagents), ATR (1:1,000) (for immunoblotting, N-19, Santa Cruz), and phospho-

(Ser/Thr) ATM/ATR Substrate (1:5,000) (Cell Signaling).

Chromatography — Gravity anion exchange chromatography and gel filtration

chromatography was performed on chromatin extracts as previously described (178).
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Synchronization - Hela cells were treated overnight with 2 mM thymidine, washed,

released into regular media, and treated again overnight with thymidine to synchronize at the
G1/S border. Cells were then released for 3 hours to obtain an S phase population and 6

hours to obtain a late S/G2 population (141).

Phosphatase treatment — Phosphatase treatments were performed on both whole cell
lysate and immunoprecipitated protein. For immunoprecipitated FANCA, dried beads
were resuspended in 50ul A-phosphatase buffer + 400U A-phosphatase (Sigma) or PP2A
(generous gift of Dr. David Brautigan) + phosphatase inhibitors (1mM Sodium
Pyrophosphate, ImM NaF, ImM f-glycerophosphate, and 1mM Na3;VO,) and incubated
at 30° for 30 minutes. 50ul 2X SDS-loading buffer was added to stop the reaction.
Alternatively, 400U of A-phosphatase was added to 275ug total protein in cell lysis
buffer (total volume = 75ul) and incubated for 30 minutes at 30°. 75ul 2X SDS loading

buffer was added to stop the reaction.

Preparation of anti-pS1449 polyclonal antiserum — The peptide, C-
QAAPDADLpSQEPHLEF, identical to the C terminal 15 amino acids of FANCA, was
conjugated to keyhole limpet hemocyanin (KLH) and used to generate a polyclonal rabbit
derived antiserum. Peptide synthesis, immunization, and serum collection were
performed by Proteintech Group, Inc., Chicago, IL. Serum was first affinity purified with
the phosphorylated peptide immobilized on a column (Aminolink, Pierce) according to
manufacturer’s instructions, eluted in 0.2M glycine pH 2.5, adjusted to pH 7.5 with 1M

Tris-HCI1 pH 9.5, and diluted 1:1 in TBS. The resulting antibody was then cross-
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adsorbed to a column with immobilized unmodified peptide to produce antibody

specific to phospho-serine 1449.

Cytotoxicity Assays — Colony survival assays were performed by plating 500 cells on a 10
cm plate and allowing them to spread for 8 hours, at which point cells were treated with
varying concentrations of MMC in DMEM + 15% FBS for 1 hour. Cells were washed
2X with PBS, fresh media was added, and cells were incubated 10-12 days to grow into

visible colonies. Colonies were stained with 0.1% crystal violet in methanol and counted.

Chromosome breakage analysis — 1 uM colcemid was added to cells treated for 24 hours
with 1uM MMC. After 6 hours, cells were collected with trypsin, washed 1X in PBS,
swollen in hypotonic buffer (40mM KCI, 25mM sodium citrate) for 20 minutes at 37°,
and fixed in acetic acid:methanol (1:3) for 10 minutes. Cells were dropped onto slides,
stained with Giemsa, and at least 25 metaphase spreads were analyzed for the presence of

gaps, single chromatid breaks, isochromatid breaks, fragments, and polyradials.

Analysis of homologous recombination frequency — 6914 DR-GFP cells and an I-Scel
expression vector, pPCBASce, were generous gifts from Dr. Maria Jasin, Memorial Sloan-
Kettering. These cells have one copy of an integrated homologous recombination
reporter and have been described elsewhere (120). We transduced these cells with
pMMP-Vector, pPMMP-FANCA, and pMMP-FANCA S1449A, selected in puromycin,

and assayed for frequency of homologous recombination as described (120).
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siRNA — Duplex siRNA directed against ATR was 5°-

GACGGUGUGCUCAUGCGGC (Dharmacon). Control siRNA was siCONTROL
Lamin A/C (Dharmacon). HeLa cells were transfected on day 1 at an siRNA
concentration of 100nM using X-tremeGENE transfection reagent (Roche) according to
manufacturer’s instructions. On day two cells were trypsinized, split into two wells, and
allowed to attach for eight hours. Cells were then transfected again as on day one.
Twenty-four hours after the second transfection cells were treated with luM MMC, then
harvested for immunoblotting approximately forty-two hours after the second

transfection.

In vitro kinase — ATR was immunoprecipitated from HeLa whole cell lysate in cell lysis
buffer (300mM NaCl, 50mM Tris pH 7.5, 1% Triton X-100, plus protease and
phosphatase inhibitors as above). 10mg of protein (2.5mg/ml) was mixed with 12.5ug
anti-ATR antibody (PA1-450, Affinity BioReagents) or 12.5ug rabbit IgG overnight.
Immunoprecipitated proteins were collected with 100ul Protein A Sepharose (Invitrogen)
for 1 hour, washed 3X in cell lysis buffer, then 3X in in vitro kinase buffer (50mM Tris
pH7.5, 10mM MgCl,, ImM DTT, plus protease and phosphatase inhibitors as above),
and divided into 4 parts for 3 in vitro kinase assays and a western blot. Beads were dried,
then incubated in 20uL in vitro kinase buffer containing 1uM cold ATP and 10uCi [y-
32PJATP. To this was added approximately 1ug of GST-fusion substrate. GST-FANCA
C terminus has been described (78). GST-FANCA S1449A was generated by PCR
mediated, site-directed mutagenesis of pPGEX-FANCA(C) using Stratagene’s

QuickChange kit. GST fusion proteins were purified from bacteria on glutathione
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sepharose according to manufacturer’s instructions (GE Healthcare). In vitro kinase

reactions were incubated for 1 hour at 30°, then 25ul of 2X SDS loading buffer was
added to stop the reaction. Resulting products were separated by 10% SDS-PAGE,

stained with Coomassie, then dried and detected by autoradiography.

Statistical Analysis was by ANOVA test for significance.

Results
FANCA is phosphorylated in vivo on Serine 1449.

Previous work in our lab and others has shown that FANCA phosphorylation
correlates with intact FA pathway function and that a phosphatase-sensitive form of
FANCA was found on chromatin following DNA damage (76, 178, 200). In the report
by Thomashevski, et. al., the phosphatase-sensitive, slower mobility form of FANCA
could only be visualized by immunoblot following purification by chromatography (178).
In an effort increase phosphorylation of FANCA, we treated HeLa cells stably expressing
Flag-FANCA with the PP2A inhibitor, okadaic acid, for 30 minutes at 1uM and
immunoprecipitated Flag-FANCA (10). Okadaic acid has been shown to increase the
level of FANCA phosphorylation (197). We hypothesized that phosphorylated FANCA
would be enriched from cells doubly treated with MMC and okadaic acid (Figure 3-1A,
lane 5). Immunoprecipitated Flag-FANCA from this band (Figure 3-1A, lane 5) was
excised from the silver-stained gel, trypsin digested, and peptides were analyzed by mass
spectrometry. Notably, the band analyzed by mass spectrometry displayed no mobility

shift, as it was from whole cell lysate not undergoing chromatography. FANCA peptides
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were identified that resulted in 62% coverage of FANCA, and only one

phosphopeptide was identified, containing phosphoserine 1449 of FANCA (Figure 3-1B).
Of particular note is the presence of serine 1449 within an LSQE sequence, a consensus
site for the related kinases ATM and ATR (128). Within FANCA there are seven other
SQ or TQ sequences, most basic consensus sequences for ATR and ATM, but no other
LSQE sequences. Of the seven, five were covered in the mass spectrometry screen and
were not found to be phosphorylated.

Consistent with our previously published results, a slower mobility form of
FANCA was seen after MMC treatment and multistep chromatography (178). Chromatin
extracts were prepared from GM6914 (FA-A) cells stably expressing Flag-FANCA.
Extracts were passed over a Q Sepharose (Sigma) anion exchange column. The flow-
through, which contained most of the FANCA, was further purified by gel filtration size
exclusion chromatography. Fractions 14-18, containing FANCA, were pooled and
immunoprecipitated using anti-Flag resin, separated by SDS-PAGE, and immunoblotted
for FANCA. A slower mobility form of FANCA was observed (Figure 3-1C, lanes 5,6).
This form was eliminated by reaction with two different phosphatases, PP2A and A-
phosphatase (Figure 3-1C, lanes 4,7). This form persisted when phosphatases were
inhibited (Figure 3-1C, lanes 3,8). This slower mobility form is not detectable in the
initial extract before undergoing chromatography, though FANCA is faintly detectable
and on longer exposure FANCA is clearly present as a single band (Figure 3-1C, lane 1).

In order to confirm that the phosphorylation seen after chromatography was on
serine 1449, serine 1449 was mutated to alanine (S1449A) using PCR-mediated site-

directed in vitro mutagenesis. GM6914 cells (FA-A) were infected with pMMP-Flag-
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FANCA wt or pMMP-Flag-FANCA S1449A, and chromatin extracts were subjected

to anion exchange chromatography and subsequent low percentage and prolonged SDS-
PAGE. A higher mobility form of FANCA could not be detected in extracts not
undergoing chromatography (Figure 3-1D, lane 4), nor in extracts from cells expressing
FANCA S1449A (Figure 3-1D, lane 2). A higher mobility FANCA form was detected in
extracts after chromatography from cells expressing wild-type FANCA (Figure 3-1D,
lane 1). Taken together, these data indicate that FANCA 1s phosphorylated on serine
1449, and this phosphorylation site is required for the appearance of the slower mobility

form of FANCA found on chromatin after DNA damage.

Anti-phosphoserine 1449 antiserum detects phosphorylated FANCA.

In order to directly detect the site of phosphorylation, we raised an antiserum
against a 15 amino acid peptide centered around and containing a phosphorylated serine
1449 residue. The antiserum was affinity purified over a phosphorylated peptide column,
cross-adsorbed to an unmodified peptide column, then used to detect phosphorylated
FANCA. HeLa whole cell lysates from cells treated with MMC were analyzed by SDS-
PAGE and immunoblotted for phospho-FANCA S1449. An increase in signal was
observed in cells treated with okadaic acid (1uM for 30 minutes), consistent with an
increase in phosphorylation (Figure 3-2A, lane 3). Similarly, treatment of extracts with
lambda phosphatase eliminated the signal detected with the anti-phosphoserine 1449
antiserum, indicating that the antiserum specifically detected FANCA phosphorylated at

S1449 (Figure 3-2A, lane 5).
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FANCA is phosphorylated after DNA damage.

Since the previously identified, phosphatase-sensitive species of FANCA was
only detected following DNA damage, we sought to investigate whether serine 1449 was
phosphorylated after DNA damage. As shown in Figure 3-2A, lanes 1 and 2, the amount
of endogenous phosphorylated FANCA increases after MMC treatment, as detected with
the phospho-specific antiserum. To confirm that this phosphorylation was on serine
1449, HeLa cells expressing wild type Flag-FANCA or Flag-FANCA S1449A were lysed
and extracts were analyzed by immunoblotting with anti-phosphoserine 1449 antibody.
This antibody specifically detected an increase in the amount of phospho-FANCA
following DNA damage only in cells overexpressing wild type FANCA (Figure 3-2B,
lane 4) and not in cells expressing FANCA S1449A (Figure 3-2B, lane 6). In Figure 3-
2B, lanes 1 and 2, endogenous FANCA was detected on a longer exposure, as shown in
Figure 3-2A, lanes 1 and 2.

In further support of our work, Dr. Steve Elledge’s group had identified FANCA
as a substrate for ATR/ATM in a phosphoprotein screen by immunoprecipitation using an
antibody specific for substrates of ATR/ATM (SJ Elledge, personal communication,
2006, (101)). The antibody used was raised against a phospho-leucine (serine/threonine)
glutamine (L(S/T)*Q) motif (Cell Signaling). Based on the sequence context of S1449,
this antibody would be expected to recognize phosphoserine 1449. HeLa cells expressing
Flag-FANCA or Flag-FANCA S1449A were lysed and immunoprecipitated with anti-
Flag resin. The a-L(S/T)*Q antibody specifically detected immunoprecipitated wild type
FANCA only after DNA damage (Figure 3-2C, lane 2) and did not detect FANCA

S1449A before or after DNA damage (Figure 3-2C, lanes 3,4), supportive of both the
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work from the Elledge lab and the DNA damage-inducibility of the phosphorylation

event.

FANCA is not phosphorylated on serine 1449 during S phase.

Other FA proteins that are modified in response to DNA damage are also
modified during S phase. Specifically, FANCD?2 is both monoubiquitinated and
phosphorylated after DNA damage and during S phase (47, 57). Similarly, FANCG is
phosphorylated at serine 7 after DNA damage and during S phase (140). Consequently,
we sought to determine if phosphoserine 1449 followed the same paradigm. HeLa cells
were synchronized at S phase using a double thymidine block, and chromatin was
extracted and subjected to gravity anion-exchange chromatography to allow detection of
phosphatase-sensitive FANCA as previously published in our lab. Cells were analyzed
by flow cytometry to verify synchrony at S phase (data not shown). Surprisingly, the
slower mobility, phosphatase-sensitive form of FANCA could be detected after DNA
damage (Figure 3-3A, lane 2), but not during S phase or in asynchronous extracts (Figure
3-3A, lanes 1,3), suggesting that phosphorylation of FANCA is a DNA damage-specific
event.

FANCA is found in a larger protein complex termed the FA core complex.
Previous work in our lab has shown the composition of the core complex differs,
dependent on cell compartment and DNA damage (178). Specifically, a chromatin bound
core complex after DNA damage has an apparent molecular weight of 1 MD. Since
FANCA i1s phosphorylated after DNA damage but not during S phase, we sought to

determine if it followed that the composition of the core complex on chromatin was
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different under these two conditions. Using chromatography to detect the phosphatase

sensitive FANCA, the size of the core complex was observed from chromatin extracts
using gel-filtration chromatography. Consistent with previous results, the slower
mobility form of FANCA was only detected in MMC treated core complex (Figure 3-
3B, fractions 16,18). Surprisingly, however, the core complex differed in apparent
molecular weight after gel filtration. The S phase complex had a peak in fraction 12,
consistent with a molecular weight of about 1.5 MD (Figure 3-3B), and the MMC treated
complex had a peak at a smaller molecular weight in fractions 16 and 18 (Figure 3-3B),
consistent with the composition of the complex being different under these conditions.
We verified these results using anti-phosphoserine 1449 antibody on cell extracts
from HelLa cells synchronized at various stages of the cell cycle or treated with MMC.
Phospho-FANCA S1449 was detected only after MMC treatment (Figure 3-3C, lane 2)
and not during various phases of the cell cycle (Figure 3-3C, lanes 3-5). FANCD2 was
monoubiquitinated both during the cell cycle stages and after MMC (Figure 3-3C),
confirming that phosphorylation of FANCA and FANCD2 monoubiquitination can occur

distinct from one another.

Phosphoserine 1449 FANCA is increased on chromatin after DNA damage.

The original phosphorylated FANCA reported by our lab was found in a
chromatin associated core complex prepared from a DNA-damaged extract (178). Thus
we sought to determine whether phosphoserine 1449 FANCA was found on chromatin
after DNA damage. Chromatin extracts were prepared from HeLa cells treated with

MMC and phosphorylated FANCA was detected using phospho-specific antiserum.
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Indeed, phosphorylated and total FANCA was enriched on chromatin after DNA

damage (Figure 3-4, lane 2), consistent with a previous report from our laboratory (141).

FANCA S1449A is able to bind FANCG

FANCA i1s found within the larger FA core complex, where it forms an
association with, among other proteins, FANCG. We wished to investigate whether
phosphorylation on S1449 was essential for this interaction. HeLa cells expressing Flag-
FANCA, Flag-FANCA S1449A, and the vector control were treated with MMC, and
whole cell extracts were immunoprecipitated using anti-Flag (Figure 3-4B). Importantly,
FANCG is still found in association with FANCA S1449A, indicating the core complex

is at least partially intact in the absence of phosphorylation (Figure 3-4B, lanes 3,4).

FANCA S1449A fails to fully correct FA-A mutant cells.

Cells from FA patients display a marked hypersensitivity to DNA crosslinking
agents, and correction of such cells with the complementing wild type cDNA results in
resistance to these agents. If phosphorylation at serine 1449 were functionally important
in the FA pathway, then mutants at S1449 would be expected to exhibit FA-associated
phenotypes. In order to test the importance of serine 1449 phosphorylation, GM6914
FA-A mutant human fibroblasts were infected with the FANCA S1449A construct
generated by site-directed mutagenesis. Cells expressing FANCA S1449A were assayed
for sensitivity by MMC colony survival assay. FANCA S1449A failed to fully correct
the MMC sensitivity seen in mutant FA-A cells (Figure 3-5A). Statistical testing using

ANOVA demonstrated the S1449A phenotype is statistically different from wild type
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FANCA (p=0.046) and from FA-A mutant cells (p=0.018). Thus, the phosphorylation

site in FANCA is functionally important for a normal FA pathway.

A functionally intact FA core complex is required for FANCD2
monoubiquitination after DNA damage and during S phase (47, 173). FANCD2
monoubiquitination is therefore routinely used as a marker for intact FA pathway
function. FANCD2 monoubiquitination was monitored in GM6914 (FA-A) cells
expressing wild-type FANCA, FANCA S1449A, and the vector control in order to assess
the effect of the phosphorylation site mutant. Nuclear extracts were analyzed by SDS-
PAGE and immunoblotting. Following MMC treatment, cells expressing wild-type
FANCA showed the expected increase in the amount of monoubiquitinated FANCD2,
while cells expressing FANCA S1449A had less monoubiquitinated FANCD?2, as
confirmed by densitometry analysis and calculation of the long/short (L/S) ratio (Figure
3-5B, lanes 2 and 3). The vector control, as expected, exhibited no monoubiquitinated
FANCD?2 (Figure 3-5B, lane 1). The amount of ubiquitinated FANCD?2 is intermediate
between mutant and wild type cells, but the difference was reproducible over multiple
immunoblots and was confirmed by calculation of the L/S ratio. Mutation of the
phosphorylation site, therefore, disrupts the functional integrity of the FA pathway.
Because mutation of serine 1449 to alanine does not result in complete loss of FANCD?2
monoubiquitination, we went on to clarify this defect using a time course of MMC
treatment (Figure 3-5C). In whole cell extracts from GM6914 cells expressing wild type
FANCA an increase in monoubiquitinated FANCD?2 is detectable at 4 hours of MMC

treatment, and the level continues to increase with further treatment (Figure 3-5C, lanes
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5-7). In contrast, in cells expressing FANCA S1449A, some ubiquitination is

detectable at 4 hours, but at later time points fails to increase (Figure 3-5B, lanes 10-12).
Cells from patients with FA have a characteristic increase in genome instability,
displaying an increase in chromosomal aberrations both spontaneously and in response to
DNA damage. For this reason, chromosomal breakage analysis is used as a clinical
diagnostic test for FANCA. GM6914 fibroblasts expressing wild-type FANCA or
FANCA S1449A and the vector control were exposed to MMC, treated with colcemid to
arrest at metaphase, and metaphase spreads were prepared. Chromosomes were analyzed
for the presence of gaps, single chromatid breaks, isochromatid breaks, fragments, and
polyradials. Results are expressed as the number of aberrations per metaphase. At least
25 metaphases were counted per cell type. While cells corrected with wild type FANCA
cDNA displayed low levels of aberrations, those supplied the phosphomutant FANCA
exhibited an intermediate amount of abnormal chromosomes compared with the vector
control (Figure 3-5D). These data are consistent with our other findings that FANCA

S1449A fails to fully correct the FA phenotype.

FANCA S1449A does not fully correct FA-A homologous recombination defect.

Based on similarity of FA to other disorders of DNA repair and the interaction of
FA proteins with proteins such as BRCA1 and BRCA2 known to be involved in
homology directed repair (HDR), FA has been implicated in the repair of double strand
breaks by HDR (47, 58). Indeed, human cells from complementation groups FA-A, FA-
G, and FA-D2 have been shown to be defective in repair of a double strand break

introduced on a recombination reporter (120). In order to assess the ability of cells
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expressing FANCA S1449 to perform HDR, GM6914 (FA-A) cells were obtained

(courtesy of M. Jasin, MSKCC) with an integrated copy of the DR-GFP reporter (120).
This reporter has two nonfunctional copies of GFP and a restriction site for the
endonuclease I-Scel. A double strand break is introduced by expression of I-Scel. If
HDR occurs, a functional GFP is produced, and HDR frequency can be calculated by the
percentage of GFP positive cells. GM6914 DR-GFP-expressing cells were infected with
wild-type FANCA, FANCA S1449A cDNA, or the vector control and selected for stable
expression. [-Scel was introduced on an expression vector, and cells were cultured for
three days to allow time for expression of the enzyme, induction of the DSB, and repair.
After this time, cells were harvested and analyzed for GFP expression using flow
cytometry. GM6914 DR-GFP FANCA corrected cells showed significantly more GFP-
positive cells than the non-corrected vector control (Figure 3-5E) (p=0.027). The
phosphomutant cells, GM6914 DR-GFP FANCA S1449A, had a percentage of GFP-
positive cells intermediate between the two and statistically distinct from wild type
FANCA (p=0.043), consistent with the intermediate phenotype measured by MMC
sensitivity, FANCD2 ubiquitination, and chromosome breakage. Cells transfected with
an empty vector in the place of I-Scel had very low levels of GFP positive cells (data not
shown), indicating low levels of background homologous recombination on the reporter

in the absence of a DSB.

Phosphorylation of FANCA is dependent on ATR kinase.
Based on the presence of serine 1449 within a consensus ATM/ATR site, as

confirmed by the detection of the peptide by a screen performed by the Elledge group,
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and given previous work implicating ATR in FA, we hypothesized that ATR could be

the kinase that phosphorylated FANCA at serine 1449 (6, 139). GM6914 FA-A mutant
cells expressing wild type FANCA, FANCA S1449A, or vector control were exposed to
MMC and treated with wortmannin, an inhibitor of members of the PI3-Kinase family,
which includes both ATM and ATR (151). Phosphorylation of overexpressed, wild type
FANCA decreased after wortmannin treatment (Figure 3-6A, lanes 3 versus 4).
Similarly, endogenous phosphorylated FANCA on S1449 was diminished after
wortmannin treatment in MMC-treated HeLa cells (Figure 3-6B, lanes 2 versus 3). We
then wished to investigate the phosphorylation status of FANCA in cells lacking ATM
and ATR. Ataxia telangiectasia (ATM mutant) fibroblasts and ATM corrected
fibroblasts were treated with MMC and analyzed for serine 1449 phosphorylation. Serine
1449 phosphorylation was induced in both ATM mutant and corrected cells after MMC,
indicating ATM is not required for this event (Figure 3-6C). In contrast, cells depleted
for ATR by siRNA were unable to phosphorylate FANCA after DNA damage (Figure 3-
6D, lane 4), and cells transfected with a control siRNA showed phosphorylation after
DNA damage (Figure 3-6D, lane 2), indicating ATR is necessary for FANCA

phosphorylation on S1449.

ATR kinase phosphorylates S1449 in vitro.

Given the role of ATR in vivo, we wished to investigate if serine 1449 in FANCA
was a substrate for ATR in vitro. Endogenous ATR kinase was immunoprecipitated from
HelLa cells (Figure 3-7B) and incubated with GST alone, a GST-FANCA C terminal

fusion protein (amino acids 1250-1455) encompassing serine 1449, or GST-FANCA
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S1449A C terminal fusion in the presence of [y—32P]ATP and in vitro kinase

conditions. All substrates were expressed and purified (Figure 3-7A, Coomassie), but
ATR was only able to phosphorylate the GST-FANCA wild-type C terminal fusion, as
detected by autoradiography (Figure 3-7A, autorad, lane 2, asterisk). The
phosphorylation was eliminated in the S1449A mutant (Figure 3-7A, autorad, lane 3).
This, together with the consensus site at serine 1449 for ATR or ATM, is suggestive that
ATR is a kinase for FANCA on serine 1449 in vitro, but does not eliminate the
possibility that the activity may be from an associated kinase in the immunoprecipitate.
Taken together with the in vitro studies, these data indicate that ATR is responsible either

directly or indirectly for phosphorylation of FANCA.

Discussion

With the exceptions of FANCL, a ubiquitin ligase, and the recently cloned
FANCJ=BACH1 and FANCM=Hef, the functions of the other FA proteins remain
elusive, due partially to their lack of functional motifs (86, 92, 106, 108). Understanding
the regulation and binding partners of the Fanconi proteins, including FANCA, can
provide insight into the function of the proteins and the FA pathway. We report
phosphorylation of FANCA on serine 1449 that is DNA damage-inducible and important
to the function of the FA pathway. Importantly, we show this phosphorylation is
dependent on ATR kinase. This, together with data showing monoubiquitination and
phosphorylation of FANCD?2 are dependent on ATR, places the FA pathway within the
broader context of the DNA damage repair pathway (57, 139). Cells mutant at serine

1449 of FANCA have an intermediate FA phenotype as measured by MMC sensitivity,
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FANCD2 monoubiquitination, chromosome breakage, and homologous recombination.

Most patient derived mutations result in proteins that are not expressed at all, leading to
complete loss of function. We believe we see partial retention of function from FANCA
S1449A by virtue of it being expressed, a conclusion consistent with clinical variants of
the FA proteins (2, 202). Furthermore, FANCA S1449A forms appropriate interactions
with FANCG (Figure 3-4B) and localizes to chromatin (data not shown), and it is
therefore not surprising that partial function is preserved. Based on the importance of
serine 1449 to the FA pathway, one would expect evolutionary conservation among
mammalian species. Interestingly, serine 1449 is conserved in rat, but in mouse the
corresponding amino acid is a tyrosine, another phosphorylatable residue, but one not
phosphorylated by ATR. With ATR and ATM being apical in the DNA damage response
pathway, it is interesting to speculate that differences in regulation at this amino acid
between human and mouse could account for differences in the human and mouse mutant
FA phenotypes, notably lack of spontaneous progression to aplastic anemia and cancer
(20, 125, 193, 208).

The original work from our lab reporting phosphorylated FANCA, as well as
Figures 3-1 and 3-3 from this work, show a significant mobility shift associated with
phosphorylated FANCA (178). The sample from which phospho-serine 1449 was
detected by mass spectrometry, however, showed subtle or no mobility shift on the silver
stained gel (Figure 3-1A, lane 5). In addition, when using anti-pS1449 specific antiserum
or anti-L(S/T)*Q antibody (Figure 3-2) on whole cell lysates, no mobility shift was seen
for phospho-FANCA serine 1449 in comparison to wild-type FANCA. The mobility

difference appeared after the use of subcellular chromatin fractionation and anion-
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exchange chromatography to partially purify FANCA (178). Yet, the slower mobility

form of FANCA is dependent on the presence of the S1449 phosphorylation site (Figure
3-1D), is sensitive to phosphatases A and PP2A(Figure 3-1C), and is only present after
DNA damage (Figure 3-3A,B). If the higher mobility form of FANCA represents
FANCA phosphorylated on S1449, the phospho-specific antibody or the anti-L(S/T)*Q
antibody would be expected to detect this form specifically. Attempts to show this have,
to date, been unsuccessful, primarily due to the technical challenge of detection by anti-
FANCA antibody of the higher mobility form after multi-step chromatography. It
remains, therefore, a formal and likely possibility that this form does not necessarily
represent phospho-FANCA S1449, but rather is reflective of another modification in
addition to and dependent on phosphorylation of S1449. In fact, given FANCA is a
protein of 163kD, phosphorylation alone is unlikely to cause such a large relative
mobility shift. It is for this reason we have labeled the slower mobility form of FANCA
phosphatase sensitive (PS) - FANCA, rather than phospho-FANCA. Other possible
modifications include, among others, ubiquitination, sumoylation, acetylation,
glycosylation, or additional phosphorylations that were not detected in our mass spec
screen. Based on the data presented, however, this modification is unmasked by anion
exchange chromatography (Figure 3-1C), as it is not detectable in chromatin extracts
from the same cell not undergoing chromatography (Figure 3-1C, lane 1; Figure 3-1D,
lane 4). I hypothesize chromatography modifies the mobility of FANCA, either through
interaction with other proteins on the column, loss of protein-protein interactions, or
interaction with the anion exchange residue itself, in a way dependent on the presence of

phospho-serine 1449. Mobility on SDS-PAGE, while a function of molecular weight, is
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influenced by the protein’s ability to bind SDS. Regions of concentrated charge have

been shown to alter electrophoretic mobility (37, 63, 142). While difficult to explain,
phosphorylated FANCA may, after interaction with the anion exchange column, possess
a charge difference resulting in altered mobility. A possible source of charge difference
could be spontaneous deamidation of asparagine or glutamine to aspartate or glutamate,
respectively, resulting in an overall increase in negative charge on the protein during
purification. This remains an area of investigation for our lab, as this slower mobility,
phosphatase-sensitive species may yield relevant information about other functionally
important modifications of FANCA.

Our previous work identified phospho-FANCA only in a DNA damaged
chromatin extract (178). In this work we went on to show that FANCA phosphorylated
on serine 1449 localizes to chromatin in a DNA damage-dependent manner. In apparent
contradiction to our work, Yagasaki et. al. reported wortmannin-sensitive, in vivo and in
vitro phosphorylation of FANCA predominantly in the cytoplasm of lymphoblasts. They
went on to show that phosphorylation was maintained in a deletion mutant of FANCA
deleted for a putative nuclear localization signal (NLS) (197). A similar deletion was,
however, later shown to be at least partially localized in the nucleus (89). Thus, it seems
likely that, even in this prior study, the phosphorylation may have been a nuclear event.
This apparent discrepancy could be caused by imperfect cellular fractionation of the
reported cytoplasmic extract, by rapid shuttling in and out of the lymphoblast nucleus, or,
potentially, by an undetected cytoplasmic phosphorylation. It is, however, worth noting
that the original mass spectrometry screen in this study was from a whole cell extract, and

with 62% coverage no other phosphorylations were detected.
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We report here phosphorylated FANCA is found on chromatin after DNA

damage. Similarly, monoubiquitinated FANCD?2 is found on chromatin after DNA
damage, but monoubiquitination is defective in cells mutant at serine 1449 of FANCA.
ATR kinase phosphorylates its binding partner, ATRIP, and relocates to chromatin after
DNA damage (66). FANCA S1449A, however, localizes normally to chromatin (data
not shown). An open but interesting question is whether FANCA is phosphorylated prior
to or once arriving on chromatin. One hypothesis could be that FANCA is already
present on chromatin, becomes phosphorylated after DNA damage and attains new
function or localization. We have shown that FANCA phosphorylation is dependent on
ATR, but ATR may not be the direct kinase for FANCA in vivo or in vitro. ATR
phosphorylates a variety of downstream effectors and adaptors that could be responsible
directly for the phosphorylation (208). We have investigated one of these downstream
kinases, Chkl1. In the presence of an inhibitor of Chk1, SB218078, FANCA is
phosphorylated normally on S1449 after MMC treatment (Figure 3-8), indicating Chkl1 is
not required for FANCA phosphorylation (67). The presence of serine 1449 within an
ATR/ATM consensus site, together with the data presented here and that provided by
Elledge’s group, is suggestive of a direct role for ATR.

Importantly, we report the first differentiation of the FA pathway after DNA
damage and during S phase. Until now it has been understood that the function of the FA
pathway in the DNA damage response was similar to its normal physiological function at
S phase. In support of this was evidence that FANCD?2 is monoubiquitinated and
FANCG i1s phosphorylated both at S phase and following DNA damage (140, 173). The

core complex was also known to localize to chromatin under both conditions (112). This
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is the first report of an event in the pathway to occur specifically after DNA damage.

That the phosphorylation does not occur during S phase yet FANCD?2 is still
monoubiquitinated is an apparent contradiction. How the phosphorylation modulates
FANCD?2 ubiquitination is, however, unknown. Speculative mechanisms could include
modulating the stability of FANCD?2 itself or FANCD2 monoubiquitination after MMC
treatment, perhaps by negatively regulating the deubiquitinase, USP1, after DNA damage
in a way that is not required at S phase (124). Consistent with this, we observe a slight
but consistent decrease in FANCD?2 expression after MMC treatment in cells expressing
FANCA S1449A (Figure 3-5B, lane 3; Figure 3-5C lanes 11,12). In any case, the
separation of function seen after DNA damage versus S phase represents an important

observation in FA biology.
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Figures

Figure 3-1: FANCA is phosphorylated in vivo on serine 1449.

A. Whole cell lysates from GM6914 (FA-A) fibroblasts expressing Flag-tagged FANCA
(lanes 2-5) or vector control (lane 1) treated with IluM MMC for 18 hours (lanes 4 and 5)
and/or 1uM okadaic acid for 30 minutes (lanes 3 and 5) were immunoprecipitated using
anti-FLAG antibody. Precipitated proteins were separated by SDS-PAGE and silver
stained. The band from lane 5 was excised and analyzed by mass spectrometry. The
only detectable phosphopeptide is shown in B. C. Chromatin extracts from GM 6914
(FA-A) cells treated with luM MMC and expressing Flag-FANCA were purified over Q
Sepharose anion exchange and size exclusion gel filtration chromatography, and fractions
14-18 were further immunoprecipitated using anti-Flag (lanes 3-8). Resulting
immunoprecipitates were treated with A-phosphatase (lane 7), A-phosphatase + inhibitors
(lane 8), PP2A (lane 4), or PP2A + inhibitors (lane 3), separated by SDS-PAGE, and
immunoblotted for FANCA. Lanes 1 and 2 are extracts from the same cells or the vector
control not undergoing chromatography or immunoprecipitation. ~D. Chromatin extracts
from GM 6914 (FA-A) cells treated with 1luM MMC and expressing Flag-FANCA, Flag-
FANCA S1449A, or vector control were purified over gravity anion exchange
chromatography (lanes 1-3), separated by SDS-PAGE, and immunoblotted for FANCA.
Lane 4 is a chromatin extract from wild type Flag-FANCA expressing cells not purified
by chromatography. IP: immunoprecipitation, PS-FANCA: phosphatase sensitive -

FANCA, PPAse: phosphatase, PP2A: phosphatase 2A.
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Figure 3-1: FANCA is phosphorylated in vivo on serine 1449
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Figure 3-2: Phospho-FANCA serine 1449 is induced after DNA damage.

A. HelLa cells treated with IluM MMC for 18 hours (lanes 2-5) and 1uM okadaic acid for
30 minutes (lane 3) were lysed, and 175ug protein was subjected to SDS-PAGE and
immunoblotting for endogenous FANCA. In lanes 4 and 5, 275ug protein from HeLa
cells treated with MMC was treated directly with A- phosphatase and run on SDS-PAGE.
Proteins were immunoblotted using anti-phosphoserine 1449 antibody. The FANCA
immunoblot shows similar levels of FANCA protein. (-tubulin was blotted as a loading
control. B. HeLa cells expressing Flag-tagged FANCA, Flag-FANCA S1449A, or
vector control were treated with MMC 1uM for 18 hours. Lysates were analyzed by
SDS-PAGE and immunoblotting using the same antibodies as in (A). C. Cell lysates
from cells in (B) were immunoprecipitated with anti-Flag antibody and subjected to SDS-
PAGE and immunoblotting using anti-phospho-(Ser/Thr) ATM/ATR substrate antibody.
IP: immunoprecipitation, Ppase: phosphatase, P-S1449: phosphoserine 1449, P-L(S/T)Q:
phospho-leucine (serine/threonine) glutamine (ATM/ATR substrate), MW: Molecular

weight marker.
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Figure 3-2: Phospho-FANCA serine 1449 is induced after DNA damage
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Figure 3-3: FANCA is not phosphorylated during S phase.

A. HelLa cells were alternatively synchronized using the double thymidine block method
and collected in S phase after a 3 hour release (lane 1) or treated with MMC (lane 2).
Chromatin extract was partially purified by anion exchange chromatography, subjected to
SDS-PAGE, and immunoblotted for FANCA. B. Extracts as in (A) were further purified
by gradient anion exchange chromatography and gel filtration. Fractions were separated
by SDS-PAGE and immunoblotted for FANCA. C. HeLa cells were synchronized by
double thymidine block at the G1/S border (lane 4) and released for 3 hours into S phase
(lane 5) or 6 hours into late S/G2 phase (lane 6). Alternatively, cells in lane 2 were
treated with 1uM MMC for 18 hours. Whole cell extracts were separated by SDS-PAGE
and immunoblotted for phosphoserine 1449, FANCA, FANCD2, and Ku86 as a loading

control. PS-FANCA: Phosphatase sensitive - FANCA.
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Figure 3-4: Phospho-FANCA S1449 is increased on chromatin after DNA damage
and FANCA S1449A binds FANCG.

A. Chromatin extracts were prepared from HeLa cells treated with 1uM MMC for 18
hours. Extracts were separated by SDS-PAGE and immunoblotted for phospho-FANCA
S1449, total FANCA, and topoisomerase II as a loading control. B: Whole cell extracts
from HeLa cells expressing Flag-FANCA, Flag-FANCA S1449A, or the vector control
and treated with luM MMC for 6 hours were immunoprecipitated with anti-Flag.
Immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted for
FANCA and FANCG. topoll: topoisomerase I, P-S1449: phosphoserine 1449, IP:

immunoprecipitation.
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Figure 3-5: FANCA S1449A fails to completely correct FA-associated
phenotypes.

A. Results of at least two colony survival assays are shown from GM6914 (FA-A) cells
expressing wild type Flag-FANCA, Flag-FANCA S1449A, or the vector control. Error
bars represent standard error of the mean (SEM). FANCA S1449A is statistically
different from both the vector control (p=0.018) and from wild-type FANCA (p=0.046)
B. Nuclear extracts were prepared from the same cells as in (A) treated with 0.1uM
MMC for 18 hours. Extracts were separated by SDS-PAGE and immunoblotted for
FANCD2. Ku86 serves as a loading control. L/S ratios were calculated using
densitometric measurements of short and long band intensities. C. The same cells as in
(A) were treated with 0.1uM MMC for the indicated time then lysed directly in SDS
loading buffer. Proteins were separated by SDS-PAGE and immunoblotted for FANCD2
and Ku86 as a loading control. L/S ratios were calculated by densitometry and plotted
against time of treatment. D. Histogram plots are shown of chromosomal aberrations
seen on metaphase spreads from GM6914 cells as in (A) and (B). E. The frequency of
homologous recombination in GM6914 DR-GFP cells expressing wild type Flag-
FANCA, Flag-FANCA S1449A, or the vector control was measured using flow
cytometry after HDR-mediated repair of a GFP reporter substrate. Frequency is
expressed as a percentage of the level of recombination seen in wild-type FANCA-
expressing cells. Both the vector control (p=0.027) and FANCA S1449A (p=0.043) are
significantly different from wild-type FANCA. FANCD2-L: long form
(monoubiquitinated form) of FANCD2, FANCD2-S: short form (nonubiquitinated) of

FANCD?2, L/S Ratio: long/short ratio.



63

Figure 3-5: FANCA S1449A fails to completely correct FA-associated phenotypes
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Figure 3-6: FANCA serine 1449 phosphorylation is dependent on ATR in vivo.

A. GM6914 cells expressing wild type Flag-FANCA, Flag-FANCA S1449A, or the
vector control were treated with 0.1uM MMC for 20 hours. At 16 hours 1uM
wortmannin was added (lanes 2,4, and 6) for 4 hours. Whole cell lysates were separated
by SDS-PAGE and immunoblotted for phospho-FANCA S1449 and total FANCA. B.
HelLa cells were treated with 1uM MMC for 20 hours (lanes 2, 3). At 16 hours, 10uM
wortmannin was added (lane 3). Whole cell lysates were separated by SDS-PAGE and
immunoblotted for phospho-FANCA S1449, total FANCA, and Ku86 as a loading
control. C. ATM mutant and corrected fibroblasts (C) or HeLa cells treated with siRNA
against ATR or control siRNA (D) were treated with 1uM MMC for 18 hours (lanes 2,4).
Whole cell extracts were separated by SDS-PAGE and immunoblotted for phospho-
FANCA S1449, total FANCA, ATR, and pB-tubulin as a loading control. P-S1449:

phosphoserine 1449, corr: corrected.
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Figure 3-7: ATR phosphorylates serine 1449 of FANCA in vitro.

ATR kinase was purified from HeLa cells by immunoprecipitation using anti-ATR
antibody. Following immunoprecipitation, beads were divided for western blot (B) and
in vitro kinase assay (A). A. Immunoprecipitated ATR (lanes 1-3) or a control IgG
immunoprecipitation (lanes 4-6) was incubated with GST (lanes 1, 4), GST-FANCA C
terminus (lanes 2, 5), or GST- FANCA S1449A C terminus (lanes 3,6) in the presence of
[y-32P]ATP. Products were separated by SDS-PAGE, stained with Coomassie, dried, and
resulting labeled substrates were detected by autoradiography. B. Immunoblot for ATR
shows immunoprecipitation of ATR with anti-ATR antibody (lane 3) but not with a

control IgG immunoprecipitation (lane 2). C term: C terminus.
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Figure 3-8: Chkl inhibition does not block phospho-FANCA S1449.

HeLa cells were treated for 20 hours with 1uM MMC (lanes 2,3). At 16 hours 1uM
SB218078 (Calbiochem) was added (lane 3). Whole cell lysates were separated by SDS-
PAGE and immunoblotted for phospho-FANCA S1449, total FANCA, and Ku86 as a

loading control.
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CHAPTER 4:
Interaction of the FA pathway with RNA

Abstract

While insight has been gained into the proteins involved in FA, the lack of
homologues in lower eukaryotes and the absence of conserved motifs in these proteins
have cooperated to keep the function of the pathway unknown. Several lines of evidence,
however, link the function of the FA pathway to RNA. First, phenotypes of FA patients
are similar to other inherited disorders of RNA metabolism. Second, the FA pathway
interacts with BRCAT, a protein that, in addition to its role in homologous recombination,
is also known to modulate transcription. Third, aberrant RNA processing is known to
cause genome instability, a hallmark of FA. Finally, FA has been shown to interact with
PKR, a kinase activated in response to RNA.

Given these links to RNA, we hypothesize that the FA pathway and
transcriptional machinery, including RNA Polymerase II, may cooperate to maintain
genome stability. The aims of this study were to test whether a possible functional or
physical interaction existed between the proteins of the FA pathway and the
transcriptional machinery and, if so, to gain insight into a mechanism by which these two
pathways could interact.

We show that FA proteins bind RNA in vitro and that RNAPII physically
interacts with FANCD?2. Inhibition of transcription blocks activation of the FA pathway
and sensitizes cells to DNA damage. Finally, FA cells fail to target RNAPII for

degradation via polyubiquitination after DNA damage. Together these preliminary data
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are consistent with the notion that RNAPII and the FA pathway may functionally

cooperate to maintain genome stability, a previously unknown function for FA. Further

research 1s needed to establish and confirm the nature and significance of the relationship.

Introduction

While the exact function of the FA pathway remains unsolved, most hypotheses
focus on a defect in DNA repair. Consequently, most research has been directed to
elucidating a link between FA and DNA. RNA metabolism is a broad term to encompass
all cellular activities that act on or are under the control of RNA. Traditionally,
understanding of RNA metabolism was more or less limited to the central dogma of
mRNA as a protein-encoding instrument; however, the complexity of RNA is being
revealed as more is learned about noncoding RNAs with roles in the control of chromatin
structure, gene expression, mRNA stability and translation, etc. (56). Clearly these
pathways are complicated in their regulation and are of such significant importance that
the cell would take measures to safeguard their integrity. That the FA pathway could, in
some way, act on the complicated world of RNA, is an underrepresented idea for which
there already exists some circumstantial evidence. First, FA bears striking similarity to
other diseases that result from mutations in proteins involved in RNA metabolism.
Second, BRCAL, linked clearly to FA, also interacts with RNA Polymerase II (RNAPII)
and plays a role in transcription control. Third, aberrant RNA processing can, like FA,
result in genome instability. Finally, though its importance has not been appreciated,
some data exists in the literature linking FA to RNA.

RNA and human disease
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Proteins involved in RNA metabolism are not strangers to the world of

inherited human disorders. In fact, a surprising number of these proteins are mutated in
an array of genetic conditions with a broad variety of phenotypes. Table 4-1 summarizes
some of these diseases, the genes containing the causative mutations, and the normal or
abnormal functions of the proteins. Table 4-1 lists only diseases for which a mutation or
mechanism of disease is identified. Recent studies correlating microRNA profiles with
disease states, especially cancer, suggest RNA in a broad sense may play a much larger
role than previously thought in a multitude of diseases and conditions (18, 70).

At first glance the disorders in Table 4-1 seem to represent a diverse, unrelated
collection of diseases, but phenotypic similarities emerge between many of them. Even
more striking are the phenotypic similarities to FA, a disease not traditionally associated
with RNA metabolism. Many of these diseases may display impaired hematopoiesis as a
primary phenotype. Most FA and Dyskeratosis Congenita (DC) patients will develop
aplastic anemia; Diamond-Blackfan Anemia (DBA) patients develop erythroblastopenia;
and Schwachman-Diamond Syndrome (SDS) patients primarily become neutropenic but
may progress to aplastic anemia (81, 91, 97, 160). FA, DBA, DC, and SDS all share a
predisposition to hematologic malignancy (81, 91, 97, 160). Furthermore, about 50% of
DBA patients have congenital skeletal malformations, including those of the upper limb
and hand, abnormalities similar to those found in FA (81, 91). A second group of
disorders, Cockayne’s Syndrome (CS) and Tricothiodystrophy (TTD) are disorders of
proteins involved in nucleotide excision repair, specifically the branch associated with
transcription coupled repair. These patients, among other phenotypes, have a

constellation of congenital abnormalities similar to FA, but, notably, are without the
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strong cancer predisposition of FA and Xeroderma Pigmentosum, the classical disorder

of nucleotide excision repair (83). Given the striking similarity of FA to these varied
diseases involved with RNA, we hypothesize that proteins mutated in FA may also

contribute, perhaps as one of multiple functions, to RNA metabolism.

BRCA, FA, and RNA

As previously introduced, FANCD?2 relocalizes to foci containing BRCAT after
DNA damage and during S phase (48, 173). Further linking FA to the clinically
significant problem of hereditary breast cancer was the discovery that BRCA2 was the
protein mutated in the FA-D1 complementation group (58). Recently, the BRCA1
interacting helicase, BRIP1 (BACH1) was shown to be FANCJ, and the BRCA?2 binding
partner, PALB2, was identified as FANCN. (86, 87, 92, 146, 195). From these studies it
became clear that the FA pathway and the pathway for prevention of hereditary breast
cancer overlap significantly, and this overlap was thought to be due to the role of both in
homologous recombination. BRCA1 and BRCA2 deficient cells are hypersensitive to
DNA damage and display chromosomal instability similar to that found in other disorders
of DNA repair such as FA (58, 117, 159). Furthermore, BRCA1 interacts physically and
functionally with Rad51, further implicating it in recombination and genome stability
(155).

Apart from its role in recombination, however, BRCA1 has diverse other
functions in RNA metabolism. First, the C terminus of BRCAI1 can serve as a
transcriptional coactivator, and mutations in this region that abolish transactivator

function are associated with breast cancer (55, 115). In its role as a transactivator,
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BRCALI interacts with known transcription factors such as p53 (206). Second, BRCA1

can be purified with active RNAPII (154). This interaction may be necessary for
BRCAT1’s role in transcription. Alternatively, RNAPII is polyubiquitinated and targeted
for degradation following DNA damage. BRCAI, in combination with a binding partner,
BARDI, has E3 ubiquitin ligase activity that may be responsible for the
polyubiquitination of RNAPII (167, 194). Finally, BRCAI is necessary for human
female X inactivation, a process mediated in humans by Xist RNA (46). That BRCA1 is
required for this RNA-mediated chromatin structure further suggests its ability to interact
with and regulate processes involving RNA. Interaction of the FA pathway with BRCA1

suggests the FA pathway may also be involved in RNA-mediated processes.

RNA and genome stability

A DNA lesion will block DNA polymerase during replication. Less commonly
considered, a DNA lesion will also block a transcribing RNA polymerase, leading to
polymerase stalling (14, 158). Lesions in sites of active transcription are preferentially
removed from the transcribed strand through a process known as transcription-coupled
repair (12, 110). Patients with Cockayne’s Syndrome, previously mentioned as a disease
with phenotypic similarity to FA, are defective in transcription-coupled repair (83). In
most cases the lesion is removed, and transcription can resume. However, in cases where
the lesion is not removed, nascent RNA transcripts and/or stalled RNA polymerases
contribute to genome instability. As evidence of this, transcriptionally active genes are

more prone to recombination than nontranscribed regions of the genome (122, 177). The
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mechanism by which this occurs is largely not understood, but evidence exists

implicating cotranscriptionally formed RNA:DNA hybrids called R loops (60, 88).

R loops form when an RNA strand pairs with the complementary DNA strand of
the DNA duplex, leaving the other strand single stranded (205). R loops form in
situations where transcription or mRNA processing are impaired and result in genome
instability. In bacteria, mutants of topoisomerase I in which supercoiling persists at the
transcription bubble form R loops and have a significant growth defect (35). Similarly,
yeast mutants in the THO/TREX complex, a complex that functions in mRNA processing
and export, form R loops and display a hyperrecombination phenotype (60). In humans,
evolution has taken advantage of this tendency toward recombination to introduce
diversity in the process of class switch recombination (CSR) at the immunoglobulin locus
(204). R loop formation is thought to create a region of single stranded DNA in the
strand opposite the one involved in the R loop that can serve as a substrate for activation
induced deaminase (AID), the enzyme responsible for generating genetic diversity in
CSR (204). Finally, similar to the situation in yeast, R loops form in animals when
mRNA processing is impaired. In chicken DT40 cells, disruption of the ASF/SF2
splicing factor led to R loop formation and subsequent genome instability as measured by
the appearance of double strand breaks and high molecular weight DNA fragments (88).
Overexpression of RNAseH 1, the enzyme responsible for degrading DNA:RNA hybrids,
in these cells suppressed genomic instability. Triplex structures are also found at the
telomere, where single stranded DNA folds into a t-loop, and telomeres are frequent sites
of rearrangement (28). Given that FA has a major phenotype of genome instability,

coupled with the linking of FA to RNA metabolism, we propose a model in which FA
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proteins may be involved in prevention of formation or resolution of R loops at sites of

DNA damage.

FA and PKR

A small and underappreciated body of literature exists linking the FA pathway to RNA
through an interaction with the RNA-dependent protein kinase (PKR). Hematopoietic
cells from FA patients are hypersensitive to interferon-y (IFN-y), resulting in increased
apoptosis (144). In an attempt to describe the mechanism of this hypersensitivity, PKR,
an IFN-y inducible kinase was discovered to be constitutively activated in cells lacking
FANCC (134). A dominant negative PKR reversed the hypersensitivity to IFN-y and the
increased apoptosis, suggesting that inappropriate PKR activation may be the cause of
bone marrow failure in patients (134). Further work showed that FANCC and PKR
interacted in a complex, and that this complex failed to form in FA mutant cells from a
variety of complementation groups (207). PKR, in addition to being activated by IFN-y,
is activated by double stranded RNA (dsRNA) and blocks translation as part of the
cellular response to invading viral genomes (192). It follows then, that in addition to
being hypersensitive to IFN-y, FA mutant cells are also hypersensitive to dsSRNA (134).
It has been a challenge in the field to relate this line of research to the accumulating body
of evidence implicating FA in DNA repair. It remains a formal and untested possibility
that the “primed” state of PKR in FA cells may actually result from abnormal RNA
structures accumulating in the cell as a result of a failed repair attempt, and this is

consistent with our model.
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Given the links between RNA metabolism and the FA pathway, we sought to

establish a functional and/or physical connection between the FA pathway and RNAPII
and identify a possible mechanism by which RNA, RNAPII, and the FA pathway

cooperate to protect the genome.
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Table 4-1: RNA-related human diseases.

Disease Causative mutation Function

Fragile X Syndrome FMRI1 RNA binding protein

Tricothiodystrophy TFIIH Transcription factor

Diamond-Blackfan Anemia RPS19, RPS24 Ribosomal subunits

Cockayne’s Syndrome CSA(ERCCB), Transcription coupled repair
CSB(ERCC6)

Dyskeratosis Congenita TERT, TERC RNA Telomerase, telomere RNA template

Myotonic Dystrophy DM1 Triplet expansion, Toxic RNA

Schwachman-Diamond Syndrome | SBDS Unknown, RNA metabolism

Xeroderma Pigmentosum XPA-G,V. XPB,D are | Nucleotide Excision Repair
members of TFIIH

(41, 49, 83, 91, 95, 97, 160, 176)
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Materials and Methods

Cell Culture— Cells were maintained at 37° in a 5% CO, incubator. HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). GM 6914 FA-A mutant cells and PD20 FA-D2 mutant cells were
grown in DMEM plus 15% FBS. PD20, PD20 + Flag-FANCD?2, and PD20 + HA-

FANCD?2 K561R were provided by Dr. Alan D’ Andrea.

In vitro RNA binding — Cells were lysed in lysis buffer containing 150mM NaCl, 50mM
Tris, pH 7.5, 1% Triton X-100, ImM MgCl,, and protease and phosphatase inhibitors
(2ug/ml Aprotinin, 1ug/ml Pepstatin, 2ug/ml Leupeptin, ImM PMSF, ImM Sodium
Pyrophosphate, and 1mM Na3;VO,). Lysates were sonicated briefly and cleared by
centrifugation, and concentration was determined by Bradford assay. To an equal
amount of protein was added homoribopolymers bound to an immobilized support,
polyA, C, G, or U (Sigma). Proteins were incubated with beads at 4°C for 2 hours,
washed three times in lysis buffer, and dried. SDS loading buffer was added to the dried

beads.

SDS-PAGE and Immunoblotting — SDS-PAGE was followed by transfer onto
nitrocellulose in transfer buffer containing 25mM Tris, 200mM glycine, and 20%
methanol. Membranes were blocked in TBS + 5% BSA for 1 hour. Primary antibodies
were diluted in TBS + 0.1% Tween 20 (TBST) and incubated with the membrane 3 hours
to overnight. Membranes were washed four times in TBST, then horseradish-peroxidase

linked secondary antibodies (GE Healthcare) were added in TBST for 1 hour. Aftera
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second wash, proteins were visualized by chemiluminescence. Antibodies used were

specific for FANCD2-N terminal (1:1000) (140) and RNAPII (1:1000) (N-20, Santa

Cruz).

Cytotoxicity Assay — Cytotoxicity assays utilized crystal violet staining and were either
short or long term. Briefly, cells were plated in 24 or 6 well dishes. For long term
assays, MMC was added at increasing concentrations with an inhibitor of RNAPII for 3-6
days. For short term assays, cells were pretreated with inhibitor for 2 hours, MMC was
added at increasing concentrations for 6 hours, washed 2 times in PBS, and incubated a
subsequent 24 hours. At the conclusion of the experiment, cells were washed with PBS,
fixed in 10% MeOH and 10% acetic acid for 5 minutes, and stained with 1% crystal
violet in MeOH for 3 minutes. Excess crystal violet was then washed off with water.
Crystal violet was extracted from stained cells with MeOH + 0.1% SDS for 20 minutes to
1 hour. Crystal violet concentration in the extractions was then measured at OD595, and

cell survival was calculated as a fraction of the MMC-untreated control.

Cell Lysis and Chromatography — Whole cell lysates were prepared in lysis buffer
containing 150mM NaCl, 50mM Tris, pH 7.5, 1% Triton X-100, and protease and
phosphatase inhibitors (2ug/ml Aprotinin, 1ug/ml Pepstatin, 2ug/ml Leupeptin, ImM
PMSF, 1mM Sodium Pyrophosphate, and ImM Na3;VO,). Whole cell extracts were
cleared by centrifugation at 14000 rpm for 15 minutes, and protein concentration was
determined by the Bradford assay. Where indicated, whole cell lysates were passed over

a Nickel-NTA agarose column (Qiagen) equilibrated to lysis buffer, and the flow-through
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was collected. The column was washed in lysis buffer, and proteins were eluted from

the column in lysis buffer containing 300mM imidazole.

Immunoprecipitation — To the indicated protein sample was added 20ul of a 50% slurry
of anti-Flag M2 agarose (Sigma) washed in lysis buffer. Proteins were incubated with
immunoaffinity agarose for 2 hours to overnight, then washed 3 times in lysis buffer.

Beads were dried and to them was added SDS loading buffer.

Transfection and purification of ubiquitinated proteins — pCS2 vector and pCS2-Flag-His
Ubiquitin (gifts of Dr. David Wotton) were transfected into GM6914 cells expressing
His-FANCA or the vector control using Fugene 6 (Roche) according to manufacturer’s
instructions. 24 hours after transfection, cells were treated £ MMC for 16 hours. MG132
was subsequently added at SuM for 4 hours. Cells were lysed and anti-Flag

immunoprecipitation performed as described above.

Results

FA proteins bind RNA in vitro

We wished to investigate whether FA proteins could bind RNA. Lacking any
clues as to possible sequence or structure specificity, we took the approach of
investigating binding to generic RNA substrates as chains of specific ribonucleotides
bound to immobilized beads. Whole cell lysates were incubated with the indicated
ribohomopolymer bound to beads, and bound proteins were separated by SDS-PAGE and

immunoblotted for FANCD2. The top panel of Figure 4-1A shows binding of proteins
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from undamaged cells, and the bottom panel of Figure 4-1A shows binding after DNA

damage with MMC. FANCD?2 bound preferentially to poly-guanine (polyG) but also to
poly-cytosine (polyC) (Figure 4-1A, lanes 5,6). Though Figure 4-1A shows apparently
weak binding, longer exposure confirmed specificity. Binding was present both before
and after MMC treatment, but the predominant form of FANCD2 seen was the short, or
nonubiquitinated form (Figure 4-1A). We then wished to investigate whether a mutant of
FANCD? that is defective for monoubiquitination (FANCD2 K561R) was still able to
bind RNA. FANCD2 K561R showed a similar pattern to wild-type FANCD2, binding
predominantly polyG but also polyC before and after DNA damage (Figure 4-1A, lanes
9,10). Because Figure 4-1A shows results from two independent gels, in order to directly
compare RNA binding before and after MMC, the same experiment was performed, but
only with polyG, and bound proteins were separated on the same gel. Results are shown
in Figure 4-1B. Binding of both FANCD2 and FANCD2 K561R to polyG was
diminished after MMC treatment (Figure 4-1B, lane 4), and the short form was
predominant (Figure 4-1B, lane 4, top panel). The long form could be detected bound to
polyG after MMC treatment, but the relative abundance bound to polyG was less than the
relative abundance in the input after MMC (Figure 4-1B, lane 2, top panel). Taken
together, we conclude FANCD?2 binds polyG and polyC RNA in vitro. The RNA binding
decreases after DNA damage and is primarily a property of the short (nonubiquitinated)

form of FANCD2.

RNAPII inhibition prevents FANCD2 monoubiquitination.
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If RNA i1s involved in the FA pathway, we hypothesized that removing the

RNA transcript would result in failure to activate the pathway, as monitored by the
monoubiquitination of FANCD2 after DNA damage (48). We took the approach of
removing the RNA by inhibiting the action of RNAPII. a-amanitin is a specific inhibitor
of RNAPII that blocks the polymerase at the translocation step of RNA synthesis (52).
DRB (5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole) is an inhibitor of RNAPII
acting by a different mechanism, the inhibition of kinase activity essential for transition
from the initiating to the elongating polymerase (98, 157). HeLa cells treated with MMC
in the presence of either RNAPII inhibitor showed a complete or partial inability to
monoubiquitinate FANCD?2 after MMC treatment (Figure 4-2A, lane 4 and Figure 4-2C,
lane 4). One possible explanation for the loss of FANCD2 monoubiquitination is the
absence of new synthesis of proteins that may be required for monoubiquitination
following transcription inhibition. To address this possibility, cells were treated with
cycloheximide or puromycin, both translation inhibitors. Translation-inhibited cells
showed constitutive FANCD2 monoubiquitination (Figure 4-2B, lanes 3,4,7-10)
irrespective of MMC treatment. Thus, new protein synthesis is not required for FANCD2
monoubiquitination and does not account for the loss of FANCD2 monoubiquitination
after transcription inhibition. Constitutive FANCD2 monoubiquitination after
cycloheximide treatment could be explained by loss of synthesis of the deubiquitinase,
USP1 (124).

Mammalian cells contain two forms of RNAPII, designated 110 and IIA, both of
which are apparent on immunoblot for the large subunit of RNAPII (Figure 4-2D). 1IA is

the hypophosphorylated form associated with transcription initiation, and IIO is the
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hyperphosphorylated, elongating polymerase (136). Both a-amanitin and DRB

treatment result in loss of the 11O active form (Figure 4-2D, lanes 3-6), confirming the
inhibition of transcription. After cycloheximide treatment both forms are retained, though

in lesser amounts (Figure 4-2D, lanes 7-8).

RNAPII inhibition sensitizes wild type cells to MMC.

Since inhibition of transcription prevents FANCD2 monoubiquitination, and
FANCD2 monoubiquitination is required for the normal response to MMC, we wished to
see if RNAPII inhibition sensitized cells to DNA damage induced by MMC (48). HeLa
cells were pretreated with RNAPII inhibitors DRB or a-amanitin, cycloheximide, or
DMSO as a control, and then treated with increasing concentrations of MMC.
Transcription-inhibited cells, but not translation-inhibited cells, were hypersensitive to
MMC treatment in cell survival assays (Figure 4-3A,B), indicating active transcription is

required for a normal response to MMC.

RNAPII inhibition does not increase the sensitivity of FA cells to MMC

An important prediction of the hypothesis is that if RNAPII inhibitors are acting
to sensitize cells to MMC by interfering with the normal DNA crosslink response, then
RNAPII and the FA pathway should be epistatic, and FA cells, which are already
defective in this pathway, should be no more sensitive to MMC after RNAPII inhibition.
GM6914 (FA-A) cells corrected with wild-type FANCA or the vector control were both
treated with DRB and analyzed for sensitivity to MMC. Sensitivity of corrected cells to

MMC was slightly increased after DRB treatment, whereas sensitivity of FA mutant cells
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to MMC was identical both before and after DRB treatment (Figure 4-3C), suggesting

that RNAPII and the FA pathway are epistatic in the phenotype of MMC sensitivity.

RNAPII cofractionates and coprecipitates with FANCD?2.

Having suggested a functional relationship between RNAPII and the FA pathway
through the use of pharmacological inhibitors of RNAPII, we sought to determine if a
physical interaction existed between members of the FA pathway and RNAPII. Knowing
that pharmacological inhibitors have multiple and potentially toxic effects, a physical
interaction would be important evidence in support of the observations in the presence of
inhibitors. Unpublished work in our lab using chromatography to purify complexes
containing FANCD2 has shown that FANCD?2 exists in at least three distinct complexes.
The smallest complex contains mostly FANCD2, thought to be in a tetrameric form. The
other two complexes, based on size, contain unidentified binding partners. The function
or significance of these complexes is unknown. One of these, A 1.5 MD FANCD2-
containing complex is isolated in the flow through of a nickel chromatography column.
FANCD?2-containing complexes were purified from whole cell extracts of PD20 cells
(FA-D2) and PD20 corrected with Flag-FANCD?2 using nickel chromatography. The
nickel flow through (Figure 4-4, lanes 5-8) as well as an elution in 300mM imidazole
(Figure 4-4, lanes 9-12) were collected and further purified by anti-Flag
immunoprecipitation. The majority of FANCD?2 in both the long (ubiquitinated) and
short (non-ubiquitinated) forms was found in the immunoprecipitates prepared from the
nickel column eluate (Figure 4-4, lanes 11-12). Only non-ubiquitinated FANCD2 was

found in the immunoprecipitates from the nickel flow through (Figure 4-4, lanes 7-8).
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While the IIA (hypophosphorylated, inactive) form of RNAPII bound anti-Flag

agarose nonspecifically, the I10 (phosphorylated, active) form of RNAPII specifically
bound the short form of FANCD?2 in the nickel flow through (Figure 4-4, lanes 7-8).
This suggests a physical association exists between non-ubiquitinated FANCD2 and the
hyperphosphorylated, 110 form of RNAPII. MMC treatment did not alter this association

(Figure 4-4, lane 8).

RNAPII is not polyubiquitinated in FA cells.

RNAPII is polyubiquitinated on its largest subunit, Rpb1, after DNA damage and
targeted for degradation via the proteasome (145). The E3 ubiquitin ligase responsible for
this polyubiquitination is unknown, but both the von Hippel Lindau tumor suppressor
protein (pVHL) - associated complex and the BRCA1/BARDI heterodimer have been
implicated (69, 82, 167). Importantly, cells from patients with Cockayne syndrome are
deficient in the ability to polyubiquitinate RNAPII after UV damage (13). After DNA
damage with hydrogen peroxide, however, RNAPII is polyubiquitinated in a way that is
not dependent on the Cockayne syndrome proteins (65). Taken together, these data
imply that polyubiquitination of RNAPII is a common response to DNA damage and can
be mediated by multiple pathways. Given phenotypic overlap of FA with Cockayne’s
syndrome and the relationship of FA to BRCAI, a potential E3 ubiquitin ligase for
RNAPII, we sought to determine if RNAPII was polyubiquitinated following MMC
treatment in FA cells.

GM6914 (FA-A) cells, chosen for established transfectability, and the same cells

corrected with a 6X His-tagged FANCA cDNA, GM6914 + pMMP His FANCA, were
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transfected with an empty vector, pCS2, or the same vector expressing a Flag and

6XHis-tagged ubiquitin, pCS2 FlagHisUb. Transfected cells were treated with MMC to
induce RNAPII ubiquitination and with the proteosome inhibitor, MG132, to prevent
ubiquitinated forms from being degraded. Cells were lysed and anti-Flag
immunoprecipitation was used to collect all ubiquitinated proteins. Following SDS-
PAGE, an immunoblot for RNAPII large subunit showed that RNAPII was only detected
in corrected cells (Figure 4-5) and not in FA-A mutant cells. Detection of ubiquitinated
RNAPII was weak, as indicated in Figure 4-5, but reproducibly present. This indicates
that RNAPII was either itself directly ubiquitinated only in corrected cells or

coprecipitated with a protein that was specifically ubiquitinated in corrected cells.

Discussion

The significance of the described experiments lies in the suggestion of a new
pathway for DNA repair, in which the FA proteins participate and RNA is a key
mediator. While still at the hypothesis stage, presented here are data in support of this
model. First, FA proteins bind RNA in vitro, a biochemical function previously not
described, though it remains unknown if this is a direct or indirect property of FANCD?2.
Furthermore, inhibition of RNAPII through the use of pharmacological inhibitors of
RNAPII blocks activation of the FA pathway, as monitored by monoubiquitination of
FANCD2, and sensitizes cells to crosslinking damage by MMC. How this occurs is
unknown. The FA pathway may rely on the RNA synthesis activity of RNAPII, as would
be the case if a certain RNA product of RNAPII was responsible for FA pathway

activation in response to DNA damage. Alternatively, activation of the FA pathway may
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rely on a property of the enzyme itself, such as polyubiquitination after DNA damage,

as was suggested here by Figure 4-5, showing that FA mutant cells fail to
polyubiquitinate RNAPII.

This is the lingering question, whether RNA is itself important, or whether the
interaction with RNAPII is the important interaction. Figure 4-1 shows FANCD?2 can
bind RNA homopolymers in vitro. Similarly, FANCA behaves similarly, binding polyG
specifically (data not shown). This experiment has several limitations. First, we can not
conclude if this is a direct association or indirect association via other binding partners,
for example RNAPII. To answer the question as to whether or not RNA is important,
two main approaches can be taken. In a positive approach, one could look for RNA
bound to members of the FA pathway. In the opposite approach, treatment with RNAse
would remove any RNA, and the FA pathway could be monitored for loss of activity or
loss of relevant interactions. Many of these experiments have been attempted with
inconclusive results.

A major complication of showing RNA bound to the FA complex is lack of the
knowledge of what would be the RNA target. If the hypothesis is that RNA assists in the
repair of DNA damage, then one would not necessarily expect any sequence or structure
specificity of the RNA. In one experiment I performed (data not shown), radioactively
labeled total RNA isolated from HeLa cells was incubated with anti-Flag
immunoprecipitations from cells expressing Flag-FANCA. Increased RNA binding was
seen on the core complex in comparison to a negative immunoprecipitation. This was
inconclusive, however, as RNA may have been nonspecifically binding to protein, just by

virtue of the fact that protein was immunoprecipitated. To further control this
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experiment, I would need a similarly tagged irrelevant complex that did not bind RNA,

and this control was not performed. Electrophoretic mobility shift assays (EMSAs) were
performed with a variety of RNA substrates; mRNA, tRNA, 5s RNA, and Ul RNA, as
well as DNA. Results were negative, but, again, we felt this was inconclusive because
we lack knowledge of what the appropriate substrate would be.

Since DNA crosslinkers form crosslinks with some sequence specificity, it
remains possible that the FA complex may bind RNA with sequence specificity. Newer
methods are available for cloning RNA found in protein complexes, among them
crosslinking immunoprecipitation (CLIP) (183). RNA is crosslinked to proteins using
UV light, then bound RNAs are immunoprecipitated bound to protein. Proteins are
separated by SDS-PAGE, then RNAs are released and cloned using linker ligation.
Multiple attempts were made to crosslink RNA to FA core complex, and results were
inconclusive due to technical reasons. PCR amplification of RNA products was very
sensitive, such that background binding (in a negative immunoprecipitation) could not be
distinguished from specific binding. This fact, coupled with our assumption that the core
complex may not bind with any sequence specificity, led us to discontinue these
experiments.

Multiple attempts were also made to use RNAse to determine if RNA was a key
element in the FA pathway. Members of the core complex, at least FANCA and
FANCG, remain bound to one another after RNAse treatment of immunoprecipitated
complex. FANCD2 remains ubiquitinated in MMC-treated extracts to which RNAse was
added. The lack of any observable effect, may, however, be due to protection of the

RNA from RNAse degradation by the bound protein. Interestingly, RNAse treatment of
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permeabilized cells prior to fixation for FANCD2 immunofluorescence did lead to

reproducible changes in FANCD?2 localization. These changes were, however, difficult
to characterize and interpret, and a control RNA binding protein was needed to show the
RNAse treatment was effective. Further experimentation in this area would be
worthwhile to characterize the nature of the localization pattern changes after RN Ase.
The inhibition of FANCD2 ubiquitination with a.—amanitin and DRB treatment is
supportive of the involvement of the FA pathway in transcription. Because a-amanitin
and DRB behave similarly in this system, and because a-amanitin primarily targets
RNAPII, we have interpreted these data to indicate that RNAPII is the relevant RNA
polymerase. RNA Polymerase III is, however, also inhibited by a-amanitin, though it is
much less sensitive. While we have attempted to keep ai-amanitin dosing within a range
that is specific for RNAPII, and we show RNAPII is inhibited in Figure 4-2D, we cannot
exclude effects of RNA Polymerase III from the loss of FANCD2 monoubiquitination.
Furthermore, as FANCD2 is monoubiquitinated during S phase or after DNA damage,
presumably when that damage is encountered in S phase, we wondered if lack of
FANCD?2 ubiquitination was due to cell cycle arrest and prevention of cells from entering
S phase. We analyzed the cell cycle profile of cells treated with a-amanitin and found no
significant alteration in cell cycle, indicating cell cycle arrest was not responsible for loss
of FANCD2 monoubiquitination (data not shown). Taken together, loss of FANCD2
ubiquitination (Figure 4-2) and sensitization to DNA damaging agents (Figure 4-3)
caused by both a-amanitin and DRB is evidence linking the FA pathway to transcription

by RNAPIL
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The observation that translation inhibition by cycloheximide or puromycin does

not inhibit FANCD2 monoubiquitination, but rather FANCD?2 is constitutively
monoubiquitinated, is not only crucial to supporting our hypothesis but also may suggest
additional mechanisms within the pathway. FANCD?2 is deubiquitinated by USP1 (124).
USP1 expression is cell cycle regulated both at the mRNA level and by degradation via
the proteosome. Cycloheximide may, therefore, result in increased ubiquitinated
FANCD?2 by inhibiting new synthesis of the deubiquitinase. This possibility could be
formally tested by analyzing USP1 levels before and after CHX treatment. Alternatively,
cycloheximide treatment results in the accumulation of untranslated mRNAs, and these
mRNAs themselves could cause FANCD2 monoubiquitination.

Monoubiquitinated FANCD?2 is thought to be the active form of FANCD2,
primarily due to the fact that this modification is defective in FA core complex mutants.
Interestingly, however, we show in Figures 4-1 and 4-4 that the short form of FANCD?2
both binds RNA and physically interacts with FANCD2. A mechanism to account for
this observation would be that FANCD2 under normal, non-damaged conditions binds
RNA or RNAPII in a genome-monitoring role. Upon encountering damage in the context
of this relationship to RNAPII, FANCD?2 could be released and monoubiquitinated in a
manner dependent on the core complex. This mechanism is consistent with Figure 4-2,
where inhibition of transcription blocks monoubiquitination of FANCD2. If FANCD?2 is
unable to form the initial complex with RNAPII, damage would not be detected, and
FANCD2 would not become monoubiquitinated.

Also of interest is the apparent preference of FANCD2 to bind polyguanine RNA

over other polynucleotides. As discussed previously, this may not be a direct interaction,
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but may be mediated through other proteins. Regardless, what is at the root of this

specificity is unknown, but polyG DNA tracts form specific secondary structures known
as G quartets (96). G quartets are physiologically relevant, as they are found at the class
switch recombination locus in B cells, at telomeres, and cotranscriptionally at G-rich
DNA (96). G quartets have some intriguing links to FA. First, DNA crosslinkers such as
MMC and cisplatin preferentially form crosslinks at GG sequences, so the FA pathway
may be acting at these sequences. Second, transcription of G-rich DNA results in
opening of the G rich strand from the C rich (coding) strand. At this site what is known
as a G loop forms, consisting of an RNA-DNA hybrid on the coding, C-rich strand, and
G quartets on the other, unpaired strand (38). The G loop is essentially a similar structure
to the R loop previously discussed as a source of genomic instability (88, 204).
Furthermore, C. elegans mutated in the dog-1 gene display genomic instability,
specifically a disposition toward deletion of G rich regions (21). The closest homologue
to dog-1 in humans is BRIP1, or FANCJ, indicating the FA pathway may have a similar
role in maintaining G rich regions of the genome.

Finally, we have shown that FA cells fail to ubiquitinate RNAPII in response to
DNA damage. Whether the FA proteins participate directly in polyubiquitination or if
this defect is simply downstream of a separate defect of the FA pathway is unknown.
The purpose of polyubiquitination on RNAPII is to remove and degrade stalled
polymerases via the proteasome and to downregulate transcription in the context of DNA
damage. Polyubiquitination is restricted to the 110 (active) form of RNAPII, the form that
binds FANCD?2 (Figure 4-4) (166). The observation that FA cells fail to polyubiquitinate

RNAPII after DNA damage leads to the prediction that FA cells may not properly
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downregulate transcription after DNA damage, possibly leading to the transcription of

damaged genes. Studies are underway to investigate relative levels of transcription after
DNA damage, with the hypothesis that transcription will remain on in FA mutant cells
treated with MMC.

As stated previously, a working hypothesis is that R loops contribute to genome
instability seen in FA cells and that the intact FA pathway is involved in preventing these
structures from forming or promoting their resolution. Because one side of an R loop is
an RNA:DNA hybrid, RNAseH1 may be involved in the resolution of R loops. Previous
work has shown that RNAseH overexpression can correct the R looping phenotype
caused by mutation of DNA topoisomerase 1 in E. coli and by loss of ASF/SF2 splicing
factors in chicken DT40 cells (59, 88). It is also likely that endogenous RNAseH1 has a
role in resolving R loops. In E. coli, R loops can be formed in the context of
transcription-induced negative supercoiling (99). An RNAseH mutant can be partially
complemented by overexpression of DNA gyrase, suggesting a role for RNAseH in
removing R loops formed as a result of supercoiling (35). Based on these studies, we
wish to see if overexpression of RNAseH1 can suppress an FA defect or if loss of
RNAseH1 sensitizes wild type cells to DNA crosslinking agents. Preliminary data (not
shown) confirms that loss of RNAseH]1 sensitizes cells to MMC, but these studies have
been complicated by the difficulty of detecting endogenous RNAseH1 and
overexpressing active enzyme. More studies are needed to further investigate this
mechanism.

Given the localization to chromatin of both the core complex and FANCD?2,

combined with the data shown here linking FA to the transcription machinery, the FA
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proteins may either act upon or are influenced by chromatin structure in the context

of transcription. A role for histone modifications in the modulation of
transcription is well established. Generally, histone acetylation favors gene expression,
while methylation is associated with gene silencing. Studies are underway to determine
if cells from FA patients are deficient in placement of various histone modifications at
sites of transcription. Specifically, acetylation of lysine 56 on histone 3 (H3KS56) is a
recently discovered modification in yeast, and the lysine residue is conserved in humans.
Acetyl-H3K56 placement correlates with actively transcribed genes, and it is localized to
transcriptionally active puff sites on polytene chromosomes in Drosophila (153). In
addition, mutation of this residue in yeast is associated with an increased sensitivity to
agents that cause DNA double strand breaks, but, similar to FA, there is no increased
sensitivity to damage from UV light or ionizing radiation (100). We hypothesize FA
cells may be defective in this (or other) transcription-associated chromatin modifications.

A possible model to integrate these data must incorporate FA proteins and what
was previously known about FA biochemistry. The proposed mechanism must also
function in interstrand DNA crosslink repair, as FA patients are hypersensitive to DNA
crosslinking agents and not to other DNA damaging agents. Taking into account these
points and data presented here, models are proposed in Figure 4-6, and steps at which FA
proteins may act are represented. Briefly, RNAPII becomes stalled in response to a DNA
crosslink. An R loop may form at the site of the stalled polymerase. FA proteins may act
in the prevention of R loop formation. After the polymerase stalls and/or the R loop
forms, RNAPII becomes polyubiquitinated and targeted for degradation. The FA

proteins may be involved directly in polyubiquitination or in an upstream event required
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for polyubiquitination. Failure to remove a stalled RNAPII may block the cells ability

to repair the lesion and result in damage. Finally, the FA proteins may act in the
resolution or repair of a stalled RNA polymerase and/or R loop. Failure of the FA
pathway at any of these steps could result in the lesion being processed to a strand break

and cause the genome instability seen in FA.
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Figures

Figure 4-1: FA proteins bind RNA in vitro.

A. Whole cell lysates from PD20 cells expressing Flag-FANCD2, FANCD2 K561R or
the vector control were left untreated or treated with 500nM MMC, incubated with the
indicated polyN RNA attached to beads, and then washed. Bound proteins were
separated by SDS-PAGE and immunoblotted for FANCD2. B. The same procedure as
in (A) except MMC treated and untreated experiments were analyzed on the same gel. A:
adenine, C: cytosine, G: guanine, U: uracil, FANCD2-L: long form (monoubiquitinated)

of FANCD2, FANCD2-S: short form (nonubiquitinated).
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Figure 4-1: FA proteins bind RNA in vitro
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Figure 4-2: Inhibition of RNAPII inhibits FANCD2 monoubiquitination.

A, B, C, D. HelLa cells were pre-treated with the indicated inhibitor for one hour (-
amanitin 100ug/ml, DRB 100uM, CHX 50ug/ml, puro 50 or 100ug/ml), then treated
with MMC (1uM) for 6 hours. Cells were lysed directly, separated by SDS-PAGE, and
immunoblotted for FANCD2 (A,B,C) or RNAPII (D). Filamin blot in (B) and p-tubulin
blot in (D) are for loading verification. In (C) bands were quantified by densitometry and
L/S ratios were calculated. Puro: puromycin, CHX: cycloheximide, DRB: 5,6-dichloro-
1-beta-D-ribofuranosylbenzimidazole, L/S Ratio: Long/short ratio, Il,:

hyperphosphorylated RNAPII, II,: hypophosphorylated RNAPII.
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Figure 4-3: RNAPII inhibition sensitizes wild type cells to MMC.

A, B. HelLa cells were pretreated with a-amanitin (100ug/ml), DRB (100uM), or
cycloheximide (50ug/ml) as indicated. Cell survival after MMC treatment was
determined using a short term crystal violet assay. C. Survival of GM6914 (FA-A)
mutant or corrected cells after MMC treatment was determined in the presence of 1uM

DRB using a long term crystal violet assay. Data presented is representative of at least 3

independent experiments.
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Figure 4-4: RNAPII interacts with FANCD?2

FANCD2-containing complexes were purified from whole cell extract (lanes 1-4) of
PD20 (FA-D2) cells expressing Flag-FANCD?2 or the vector control + MMC (0.5 uM) by
nickel chromatography. Proteins from either the flow-through (lanes 5-8) of a nickel-
NTA agarose column or an elution in 300mM imidazole (lanes 9-12) were further
purified by Flag immunoprecipitation, separated by SDS-PAGE, and immunoblotted for
FANCD?2 and RNAPII. IP: immunoprecipitation, Ily: hyperphosphorylated RNAPII, II,:

hypophosphorylated RNAPII.
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Figure 4-5: RNAPII is not polyubiquitinated in FA cells after DNA damage.

GM6914 (FA-A) cells or the same cells corrected with His-FANCA were transfected
with a Flag-His-Ubiquitin construct or the vector control. Cells were treated with 100nM
MMC for 18 hours and with SuM MG132 for the last 4 hours. Whole cell lysates were
immunoprecipitated by Flag, and immunoprecipitated proteins were separated by SDS-
PAGE and immunoblotted for RNAPII. FlgHisUb: Flag-His-Ubiquitin, IIj:

hyperphosphorylated RNAPII, II,: hypophosphorylated RNAPII.
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Figure 4-6: Model representing potential roles for FA pathway and RNAPII in
promoting genome stability

FA proteins may interface with RNAPII on a variety of levels, and this model presents a
variety of steps at which FA proteins may act. First, the FA pathway may guard actively
transcribed genes against the formation of detrimental R loops. Second, the FA pathway
may be involved in the proper downregulation of transcription and degradation of
RNAPII in the context of DNA damage. Third, FA proteins may be involved in the
biochemical resolution of stalled polymerases at sites of DNA crosslinks. The absence of
the FA pathway at any or all of these steps would result in DNA damage and genome

instability.
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Figure 4-6: Model representing potential roles for FA pathway and
RNAPII in promoting genome stability
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CHAPTER 5
Conclusions and Future Directions

In the preceding chapters two major contributions to the field of FA biology have
been discussed. In Chapter 3 a functionally significant phosphorylation event is
described that is dependent on ATR, a major player in the DNA damage response. This
is significant in that it describes a previously unknown regulation of the FA pathway and
links it to the overall cellular DNA damage response. This phosphorylation is significant
in that it is found after DNA damage and not during S phase, as is the case with the
regulation of other FA proteins by post-translational modification. Chapter 4 begins to
unravel a radically different hypothesis for how the proteins involved in FA may be
functioning. Furthermore, it broadly proposes a novel mechanism for maintenance of
genome integrity involving RNA. Both avenues of investigation suggest further
experimentation for understanding FA biology.

With regard to the phosphorylation of FANCA, the outstanding question is by
what mechanism is the phosphorylation regulating pathway function? Two possible
explanations arise immediately based on paradigms of phosphorylation of other well-
studied proteins: 1) FANCA phosphorylation may regulate localization of key
components of the DNA repair machinery and 2) FANCA phosphorylation may regulate
composition of the FA core complex or other complexes, known or unknown, that
impinge on DNA repair.

The consideration of the localization of FANCA is complicated by the fact that it
is both a nuclear and cytoplasmic protein. Clearly, however, the nuclear function is

required for normal sensitivity to DNA crosslinkers, as patient-derived mutations that do
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not achieve nuclear localization fail to complement MMC sensitivity (76). Nuclear

localization is not sufficient, however, to complement the FA defect, as the FANCA
S1449A mutant achieves nuclear localization (data not shown), but still demonstrates FA-
associated phenotypes. Furthermore, FANCA is localized to the nucleus in response to
DNA damage, but can also be actively transported out of the nucleus in a CRM1-
dependent manner (40, 112). Thus, it is entirely possible that both nuclear and
cytoplasmic functions are essential for pathway function. In this work we show that
FANCA phosphorylated on serine 1449 is increased on chromatin in response to DNA
damage, and yet FANCA S1449A can also localize to chromatin. Thus, it appears that
phosphorylation is not essential for localization to chromatin. However, it remains
possible that phosphorylation may be required for proper localization within the
chromatin context, such as specifically to sites of DNA damage. Phosphorylation may
also regulate egress from chromatin and/or the nucleus to perform currently unknown
functions.

Further experiments to study localization of phospho-FANCA will likely involve
the adaptation of the phospho-serine 1449 specific antibody to immunofluorescence (IF)
applications. Use of this antibody in IF will allow comparison of total FANCA
localization to phospho-FANCA, colocalization experiments with proteins involved in
DSB repair, such as y-H2AX and Rad51, and studies of the dynamic localization
following various cellular treatments. Similarly, IF analysis of FANCA S1449A will
allow comparison with wild-type FANCA localization. FANCA localization by IF has

been challenging due to problems of antibody specificity and overexpression artifacts.
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GFP-FANCA and GFP-FANCA S1449A would be useful reagents, and our lab

already has an expression construct for GFP-FANCA.

The term “FA core complex”, while useful and widely accepted, simplifies the
actual condition. Stable subcomplexes clearly form, and certain interactions are stronger
than others, indicating that the composition of the core complex may actually be quite
fluid (90, 105). Our lab has shown by chromatography that the core complex has at least
distinct nuclear, cytoplasmic, mitotic, and chromatin-bound forms (178). The size of the
core complex as measured by gel filtration chromatography necessitates that there are
unidentified members of the complex. FANCE is known to shuttle in and out of the core
complex, as it is the only core complex member to also be found in physical association
with FANCD?2 (132). Most studies describing the core complex are immunoprecipitation
experiments, which provide evidence of interactions within a population, rather than
describing the state within a given cell at a given point in time. Therefore, evaluating the
composition of the core complex with phosphorylated or unphosphorylated FANCA is
not as direct as just determining if known members are present. Our analysis shows that
at least basic core complex interactions are maintained in the presence of FANCA
S1449A. Complex composition could be further elucidated by chromatography of the
core complex in the presence of wild-type FANCA and FANCA S1449A. The size of the
complexes with wild-type or mutant protein could be compared, and fractions could be
immunoprecipitated and/or silver stained to look for bands present in one complex and
not the other. In this way it could be determined if core complex composition is affected

by FANCA phosphorylation. Similarly, as new complex members are identified and
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verified, as has been a goal within our lab, they should be tested for association with

phosphorylated or unphosphorylated FANCA.

A logical outgrowth of the question of core complex composition in association
with phospho-FANCA is the question of post-translational modifications of other FA
proteins. Specifically, our lab has shown that FANCG is phosphorylated on three
functionally critical serine residues (113, 140). Two of these phosphorylations occur at
mitosis, where at least one is placed by mitotic kinase cdc2, and are responsible for
egress of the complex off chromatin at mitosis (113). The other phosphorylation, on
serine 7 of FANCG, is increased after MMC treatment and the mutant, serine 7 to alanine
(S7A), fails to complement MMC sensitivity of FA-G mutant cells (140). In this way it
behaves similarly to phosphorylation of FANCA on serine 1449; however unlike S1449
phosphorylation, phosphorylation of FANCG also seems to occur constitutively at S
phase. The kinase for FANCG at serine 7 is unknown. Several questions could be asked
in regards to the relationship of these phosphorylation events. First, is ATR responsible
for FANCG phosphorylation on serine 7? This could be addressed using methods
analogous to those presented in Chapter 3. Secondly, are these phosphorylations
dependent on one another? In straightforward experiments, phospho-specific antibodies
against phospho-serine 1449 of FANCA could be used in cells expressing FANCG S7A.
Conversely, anti-phospho serine 7 of FANCG antibodies could be used in cells
expressing FANCA S1449A. Finally, it would be interesting to know the
phosphorylation of FANCA and FANCG in the core complex. Are the phosphorylations
coordinated spatially and temporally, or can the phosphorylation status vary within the

complex? Similarly, what is the status of phosphorylation within various subcellular
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compartments? Since our lab has shown the composition of the complex varies with

subcellular compartment, an interesting question is how phosphorylation either affects or
is affected by these changes. Asking these questions is complicated again by the fact that
most methods for studying complex composition rely on steady state analysis of the
complex in a population, where we are truly interested in the phosphorylation status of
proteins within a single complex. A simple first way to approach this problem is to
fractionate cells to analyze only complex from certain compartments for phosphorylation.
Phospho-specific immunofluorescence would also be very useful for analyzing events
within single cells. Dependence of one phosphorylation on the other would suggest a
sequential phosphorylation and the requirement of some critical intermediate signaling
pathway. Independence of the phosphorylation events is suggestive that the two may
direct different downstream events and suggests a divergence of function for the FA
pathway. Indeed, two different phosphorylations may be a way to fine-tune the effects of
the complex for distinctive actions within the cell.

Finally, in studying human diseases such as FA, one should return often to the
therapeutic implications of the work. The FA pathway should be able to be exploited
clinically by virtue of the fact that it, when absent, results in hypersensitivity to DNA
damaging agents — the same agents used therapeutically in cancer chemotherapy.
Logically, if the FA pathway could be suppressed within tumor cells, the resulting tumor
would be specifically hypersensitive to the chemotherapy. As proof of principle, one
study compared activation of the FA pathway in head and neck cancers that were either
cisplatin-sensitive or cisplatin-resistant. Three out of four tumor lines that were cisplatin-

sensitive showed lack of formation of FANCD?2 foci, while all cisplatin-resistant tumor
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lines showed FANCD?2 foci formation (16). In an attempt to take clinical advantage

of the sensitivity, a search for small molecule inhibitors of the FA pathway was initiated
(22). Interestingly, three out of four compounds identified were kinase inhibitors, further
emphasizing that phosphorylation is critical to the FA pathway. Knowledge of a
functionally important phosphorylation on FANCA suggests a clinical target for
sensitization of tumors to chemotherapy. Small molecule inhibitors of this
phosphorylation could be investigated, or, alternatively, peptide inhibitors could be
designed to compete for phosphorylation. The therapeutic implications of this
phosphorylation underscore the importance of understanding critical signaling events in
pathways related to human disease.

The potential interaction of FA proteins with RNA is exciting in that it represents
an entirely new process for genome maintenance. The exact mechanism is, however,
unknown, and leaves open vast possibilities for further research. The idea that RNA may
direct DNA repair is a logical one that has been hypothesized but not yet proven, though
supportive evidence is accumulating (182). The Elledge group, in the same proteomic
screen for targets of ATM and ATR kinases that identified serine 1449 of FANCA as
outlined in chapter 3, also found proteins involved in gene expression and RNA post-
transcriptional processing to be surprisingly overrepresented as targets of ATM and ATR
(101). In addition, transcription by RNA Polymerase I is diminished after DNA damage,
surprisingly in a manner dependent on the ATM kinase, a kinase traditionally thought to
control only DNA-related processes (73).

Mammalian cells have essentially three systems with which to deal with double

strand DNA breaks; non-homologous end joining (NHEJ), homology-directed repair
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(HDR), and single strand annealing (SSA) (189). Of these, NHEJ and SSA are error-

prone, and both HDR and SSA require an identical template. Cells in G1 phase of the
cell cycle encountering DNA double strand breaks, therefore, have a problem. Lacking a
sister chromatid for recombination, they must rely upon the error-prone mechanism of
NHEJ — that is, unless an identical template were present, which for most active genes
exists in the form of an RNA transcript. This has led to the hypothesis that RNA
transcripts may serve as the template for HDR in G1 phase of the cell cycle (182). In
support of this hypothesis, it was recently shown that an RNA molecule could serve as
the template for repair of a DNA double strand break in yeast, a process previously
documented only in retroviruses and telomere maintenance (168). Is it possible that this
pathway exists and that the FA pathway participates in the process of transcript-templated
HDR?

One prediction of this model would be the requirement of reverse transcriptase
(RT) activity. Indeed, one reverse transcriptase in humans is well studied - TERT, the
RT active in maintaining telomere length. As mentioned in earlier chapters, patients with
mutations in this gene have a disorder called dyskeratosis congenita, a disorder with
remarkable phenotypic similarity to FA. Retrotransposons within the human genome
encode a reverse transcriptase function in order to complete retrotransposition (33).
Another possibility for the RT function is an alternative activity for a known DNA
polymerase. In fact, RT function has been attributed in vitro to human Y family
translesion DNA polymerases m, t, and K (43). Linking to FA again, mutations in Pol n
are found in patients with Xeroderma Pigmentosum — variant (XP-V), a disease

phenotypically similar to FA. Finally, mitochondrial DNA polymerase y has also been
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shown to possess RT function (118). All of these together solidify the conclusion that

RT function exists in human cells at a level that could support the hypothesis of
transcript-templated HDR.

Arguing against the involvement of FA in the model of transcript-templated HDR
is the observation that the FA pathway seems to act primarily during S phase, whereas the
transcript-templated HDR would be needed primarily in G1. Indeed, FANCD?2 is
monoubiquitinated at S phase, core complex proteins accumulate on chromatin during S
phase, and FA mutant cells arrest at G2/M, likely as a result of having persistent DNA
damage after S phase (39, 112, 173). The work presented here, however, is the first to
show a DNA-damage specific modification, phosphorylation of FANCA, which is not
also found constitutively at S phase. Furthermore, as transcription of genes continues
throughout S phase, there is no reason transcript-templated HDR would be restricted to
GI. In fact, since sister chromatids are not reliably present for all genes until the end of S
phase, it is possible transcripts could remain the preferred template through S phase.

How can we test this model? First, one would predict after DNA damage (and
maybe constitutively) FA proteins would be associated with areas of active transcription.
Colocalization of FA proteins and RNAPII by immunofluorescence studies have been
initiated, but are complicated by poor ability to visualize endogenous FA proteins by
immunofluorescence and the abundance of RNAPII. Alternatively, areas of active
transcription can be labeled using bromouridine, and colocalization of FA proteins could
be examined. Chromatin immunoprecipitation (ChIP) of FANCA and RNAPII to an
actively transcribed gene would show colocalization, but this is complicated by not

knowing if this process is damage-dependent and the inability to specifically introduce
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crosslink damage into a target gene for ChIP. Finally, as stated previously, the model

predicts the dependence of crosslink repair on reverse transcriptase function. This
function may be sensitive to known pharmacological inhibitors of RT. In wild-type cells,
you would expect these inhibitors would sensitize cells to DNA damage by crosslinkers,
whereas FA cells would be expected to show no increased sensitivity as the pathway is
already absent in these cells. Additionally, functional studies should be performed on R-
loop mimicking structures to see if FA proteins can either bind to or resolve these
structures.

The conclusion of this work allows reflection on what I perceive to be the
outstanding questions in FA biology — outstanding in that they are both unanswered and
pivotal to further advance in the field.

First, I believe the phenotype for FA-D1 patients needs to be clarified. Is it truly
FA or a related, more severe disease? Patients, though the absolute numbers in this group
are small, seem to develop cancer earlier and develop different tumors, including
frequently Wilms’ tumor or medulloblastoma (5). Aplastic anemia, characteristic of FA,
is less frequently seen than in other complementation groups, but this may be masked by
the early onset of malignancy. FANCD1/BRCA2, FANCN/PALB?2, and
FANCJ/BACHI are the only FA proteins known to harbor a carrier risk for malignancy,
though the mutations that lead to this increased risk are still being worked out. On a
biochemical level the proteins responsible for this group also behave differently.
FANCD1/BRCA2 homozygous deletions are lethal in mice and presumably in humans,
so the spectrum of mutations results in hypomorphic alleles. Other FA mutations are null

mutations, resulting in complete absence of protein. Finally, BRCA2 is thought to act
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downstream of FANCD?2, as it is not required for FANCD2 monoubiquitination (58).

Similar arguments may apply to FA-N and FA-J complementation groups, which also act
downstream of FANCD?2, though recent identification and small number of patients leave
these an open question (92, 143). These proteins that act downstream of FANCD2 may
be the downstream effectors of several pathways, and attempts to understand their
function may actually complicate the understanding of FA biology — and why this multi-
protein pathway has evolved seemingly only in higher vertebrates to protect the genome.
Study of the core complex and FANCD2, I believe, will be more valuable in yielding
information about the FA pathway, while study of BRCA2, PALB2, and FANCJ may be
more useful in studying general DNA repair.

The function of the FA pathway is clearly the open question, and despite a vast
increase in knowledge about FA, little progress has been made. I see two areas that will
help clarify function — the separation of the nuclear and cytoplasmic functions of the FA
pathway and structural data for the FA core complex. First, better studies need to be
designed to separate nuclear versus cytoplasmic functions of FA proteins. As outlined in
Chapter 1, arguments exist for function in both cellular compartments. The nature of the
core complex being at least eight proteins suggests that it may have functions other than
simply monoubiquitinating FANCD2, and studies have confirmed this notion (44, 102,
191). Deletion studies on proteins to determine critical regions for nuclear transport have
been performed incompletely and only for FANCA (40, 89). Yet, certainly FA proteins
defective for nuclear accumulation do not complement function (119). One hypothesis
would be that the nuclear role of the core complex is in the monoubiquitination of

FANCD2, and the cytoplasmic function is separable. To test this hypothesis, would a
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FANCA mutant defective for nuclear accumulation complement an FA-A cell line

expressing a FANCD2-H2B fusion, previously shown by Matsushita et. al. to correct a
FANCD?2 line (102)?

Secondly, structural data for the FA core complex and FANCD?2 could provide
insight into FA pathway function. So far, limited structural data has given insight only
minimally into protein-protein interactions and not into function (72, 126). Studies are
underway in our lab and in others to define more and better structures for the FA
proteins, and I trust they will, as is the paradigm for structural data, give insight into the
function of the proteins.

Finally, I have been fortunate to spend my time working on a human disease and
have seen the impact of this disease on the lives of children and families. Moreover, as a
disease of cancer predisposition, studying FA allows the chance to impact cancer in a
substantial way. As research into the field progresses, my hope is treatment of the patient

will be the foremost aim, as I have tried to make it mine.
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