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Abstract

Ubiquitination is a highly regulated post-translational modification that impinges on a
variety of cellular processes. Commonly known for its role in proteolysis, recent
studies emphasize the versatility of ubiquitin in non-proteolytic aspects of cell
function. Some of these proteolytic-independent roles have been highlighted in recent
publications as being critical mediators in stress response pathways including those of
DNA repair and NF-kB activation. In these seemingly unrelated pathways it has been
shown that a noncanonical linear chain linked through lysine 63(K63) is required in
the assembly of multi-subunit complexes which allow eukaryotes to tolerate DNA
damage or elicit an immune response. Because the functionality of ubiquitin chains is
constrained by length and topology, alteration of these properties greatly alters these
cellular pathways. In order to understand the role of these chains in mammalian cells
we introduced mutant ubiquitin proteins that interfere with specific properties of
ubiquitin chain assembly. These dominant negative mutants revealed interesting
biological effects. Here we demonstrate that in human cells, as in yeast, PCNA
(proliferating cell nuclear antigen) is polyubiquitinated via K63. Disruption of K63-
linked chains impairs the error-free arm of a DNA damage tolerance (DDT) pathway
resulting in an increased reliance on error-prone translesion synthesis (TLS), which
has significant implications on mutagenesis particularly and in response to common
environmental carcinogens such as UV light and BPDE. As a result of our cell culture
studies, we have generated transgenic mice expressing the K63R mutant form of
ubiquitin to more directly test its roles in cancer development and impaired NF-xB

induction in vivo. Recently, several members of error-free DDT including POLy,
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SHPRH, hRAD6, hRAD18 have been linked to cancer and the likelihood of
chemotherapeutic success in patients. Accordingly, future drug targeting of the error-

free DDT pathway in cancer could be of tremendous therapeutic benefit.
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CHAPTER 1
Introduction
1.1 Ubiquitin

The activity of many proteins depends on essential chemical labels such as
phosphorylation, acetylation, nitrosylation, glycosylation, sumoylation, neddylation,
ISGylation, fatylation and ubiquitination [1]. The purpose of my thesis is to unmask
the role of ubiquitin in mammalian systems. Ubiquitin serves as a globular 76 amino
acid covalent tag that is conjugated to many proteins (Figure 1). It is an 8.6 kDa,
highly conserved, pleiotropic molecule involved in a variety of biological processes
such as cell cycle control, endocytosis, signal transduction and DNA repair. It has
essential proteolytic and non-proteolytic functions within the cell that are based on
the length, topology, and architecture of the ubiquitin chain formed [2,3]. Substrates
can be either mono or polyubiquitinated (Figure 2). Monoubiquitination results in
various cellular processes such as endocytosis, protein sorting, subnuclear trafficking,
gene expression, and possibly processing by the proteasome [4]. In comparison, the
formation of polyubiquitin chains results in alternative processes including
proteasomal degradation, NF-kB activation and DNA repair [4].

Three enzymatic steps mediate the addition of ubiquitin to a protein substrate
(Figure 3) [5]. First, the ubiquitin activating enzyme E1 forms a high energy
thiolester bond between an internal cysteine residue and the C terminal glycine of
ubiquitin via the cleavage of ATP. Ubiquitin is then transferred to an E2, ubiquitin-

conjugating enzyme, which forms a similar thiolester bond. E2 together with an E3



« Small ‘ubiquitous’ protein - 76 amino acids
« Covalent ‘tag’ added to other proteins
+ Highly conserved from yeast to human

tuman  MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPD QQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
yeast  MQIFVKTLTGKTITLEVESSDTIDNVKSKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

Figure 1. Illustration of ubiquitin. A) 3D model of ubiquitin B) Amino acid
sequence of ubiquitin in yeast (blue) as compared to human (gray). The sequence is
highly conserved between the two species except at the highlighted (orange) amino
acids.



MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPOQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
6 11 2729 33 48 63

Figure 2. Divergent roles of mono and polyubiquitinated substrates.
Monoubiquitination confers a different function upon substrates as compared to
polyubiquitination. For example monoubiquitination is involved in processes such as
protein sorting and while polyubiquitination can be involved in processes such as
signal transduction and proteolysis. The amino acid sequence highlights the 7 lysine
residues (red) that can be used to form polyubiquitin chains



ATP ——ADP + P,

Ubiquitin Activating Ubiquitin Conjugating  Ubiquitin Ligase
Enzyme Enzyme

Figure 3. Enzymatic machinery that promotes ubiquitination of target
substrates. First an E1 enzyme creates a high energy thiolester bond between an
internal cysteine and the C terminus of ubiquitin. Second, an E2 enzyme receives the
activated ubiquitin monomer and forms a similiar high energy thiolester bond. Finally
an E3 catalyzes the attachment of activated ubiquitin to a protein substrate.



ubiquitin ligase mediates the attachment of ubiquitin to the substrate via a covalent
bond between the C terminal glycine (G76) and a lysine residue on the substrate.
Ubiquitin can also be covalently attached to itself, forming a polymeric chain on
specified substrates. Sequential conjugation of monomeric ubiquitin occurs through
the covalent linkage of G76 to one of the 7 internal lysine residues of the preceding
monomer, forming a polyubiquitin chain. This chain elongation process is driven by
the same E1/E2/E3 mechanism. Ultimately, the length and topology of the ubiquitin
chain will determine its function.

Ubiquitin has 7 internal lysine residues — K6, K11, K27, K29, K33, K48, and
K63, all of which can form polyubiquitin chains [6]. Assembly of ubiquitin polymers
can occur through the following lysine residues — K6, K11, K27, K29, K33, K48, and
K63 with K48 being the predominant form followed by K11 and K63 linkages, which
occur with an equivalent prevalence (Figure 4) [3,6-9]. While there is no known
function ascribed to polyubiquitin chains linked through K11, K27, K29, and K33
they still remain potential targets for proteasome mediated degradation [10]. Most
abundant in the cell are chains linked through lysine 48 (K48) which take on a zig-
zag type conformation that results in the degradation of the substrate through the 26S
proteasome (Figure 5 & 6). In the case of K48 linkages a threshold length of four
sequentially attached ubiquitin monomers is required for recognition by the 26S
proteasome [11]. Conversely, K6 linked chains inhibit the targeting of substrates to
the proteasome serving a role in DNA repair [12]. From yeast studies, it is also
known that alternate linkages, such as those through lysine 63 (K63), form linear

chains that may serve as scaffolding for other proteins. These chains assume a non-



MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
6 11 2729 33 48 63

Figure 4. Lysine residues of ubiqutitin. (A) 2D illustration of ubiquitin with the
hypothesized location of the lysine residues. (B) Amino Acid sequence with the
highlighted lysine residues (red). All 7 lysine residues are able to participate in
ubiquitin chain elongation.



K48 linkages K63 linkages

Figure 5. Varying topologies of ubiquitin chains based on the involved lysine
linkage. A substrate is first monoubiquitinated via a lysine in the target protein and
the C terminal G76 of ubiquitin. Depending on the cellular process, subsequent
ubiquitin monomers are either added via a K48-G76 (zig-zag chains) or K63-G76
(linear chains) isopetide bond. Based on the linkage, the ubiquitin polymer acquires
different topology and architecture, which consequently confer different functions
within the cell.



1) ATP dependent . ubiquitin

formation of a thiol ester )

_ 4)Degradation of the
between the terminus of substrate protein in
ubiquitin and the active the proteasome and
cysteine residue in E1 release of ubiquitin

¢

monomers
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enzyme. @
/\
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by a ubiquitin ligase protein (E3)

Figure 6. The UPP pathway. This illustration shows the E1, E2 and E3 enzymatic
reaction that drives K48-linked polyubiquitination of a target substrate followed by
subsequent targeting and degradation by the 26S proteasome.



proteolytic role in several seemingly unrelated processes such as DNA damage
tolerance and the inflammatory response via NF-kB activation (Figure 5 & 7)
[13,14]. In summary, ubiquitin chain assembly plays critical roles in cellular
pathways and this role depends greatly on the type of lysine linkage, the length and
the architecture that these ubiquitin chains assume.

1.2 DNA repair

Mammalian cells possess a number of distinct DNA repair systems to
maintain the fidelity and integrity of the genome in response to endogenous and
exogenous agents that produce DNA lesions. These systems include nucleotide
excision repair (NER), base excision repair (BER), mismatch repair (MMR),
homologous recombination (HR), non-homologous end joining (NHEJ), and
translesion synthesis (TLS) [15] . Each of these pathways has been well conserved
throughout evolution and in the past decade many of the Esherichia coli (E.coli),
Saacharomyces cerevisiae (S. cerevisiae), murine, and human genes in these specific
pathways have been cloned and their biochemical functions established.

NER is the primary and most versatile mechanism by which bulky helix
deforming lesions are removed from the genome, including ultraviolet (UV) induced
6-4 photoproducts (6-4PPs), cis-syn cyclobutane pyrimidine dimers (CPDs), chemical
adducts, and certain types of DNA cross-links [16-18] . There are three human
autosomal recessive diseases that result in a disruption of NER: xeroderma
pigmentosum (XP), Cockaynes syndrome (CS), and Trichothiodystrophy (TTD) [15].
The frequency of XP is 1:10° in North America and Europe, and 1:10° in Northern

Africa, and Japan. Patients with the autosomal recessive disease XP have increased



A Extracellular B
Signal

Blocked Fork

e.9. Thymine dimer
cispiatin adduct

l Error{ree repair

CELTPIP PRI

Nucleus

Nucleus

NF-kB activation DNA Damage Tolerance

Figure 7. Role of K63 linked polyubiquitin chains in cellular stress response. A)
K63-linked ubiquitin chains play critical roles in activating an inflammatory response
via NF-kB activation, a transcription factor that activates a variety of cytokines
involved in immune response. B) K63-linked ubiquitin chains are also critical at
blocked replication forks where they mediate error-free repair of damaged DNA.
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rates of morbidity and mortality, reducing their overall survival by 30-40 years
compared to normal individuals. These patients are clinically associated with
extreme sensitivity to UV light, cutaneous and ocular deterioration and highly prone
to developing skin cancers prematurely [15]. About 20 % of XP patients also
experience progressive neurological deterioration. These patients fall into 8
complementation groups XPA-XPG and the XP variant (XPV). All 8 genes in these
complementation groups have been cloned, 7 of which are directly involved in NER
(XPA-XPG) [17]. In recent reviews of this pathway, it has become clear that each of
the XP proteins plays an active part in the recognition or removal of a DNA patch
containing the lesion [17]. Patients with XPV are distinct from other patients with XP
because their cells are only slightly more sensitive than normal cells to UV light and
they have no overt NER defect. However, like most XP patients, they develop
sunlight induced skin cancer at high rates. Hannoaka et al, discovered that the gene
defective in XPV patients is DNA polymerase n (POLn) [19,20]. POLx functions as
an A rule polymerase inserting adenines across sites of DNA damage. Thus, for UV
light the polymerase activity has a high probability of bypassing the damage
accurately and efficiently. Since the loss of POLn is not a lethal event, patients
lacking POLn may use an alternative more error-prone polymerase resulting in the
increased predisposition to skin cancer in the XPV syndrome.

In addition to NER, several other genes have been genetically implicated in
repair of lesions that are substrates for NER. These genes do not function in NER but
in an alternate pathway termed DNA damage tolerance (DDT), formerly known as

post-replication repair (PRR). Unlike NER, these proteins do not directly remove the
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damage, or reverse the damage like DNA photolyases, but they tolerate the damage in
order to efficiently replicate DNA. Specifically, DDT enables cells to synthesize
intact DNA daughter strands, despite the presence of persisting damage in the
template strand during S phase. Consequently, these genes impact significantly on the
toxicity and mutagenicity of agents such as UV light and cisplatin. Typically, DNA
replication stalls when cells are exposed to such agents. This occurs when DNA
replication machinery meets a lesion before appropriate repair has taken place on the
mother strand. The consequences of failing to repair such damage are typically
catastrophic for an organism. For example, they can result in a gap on the daughter
strand which can lead to double-strand breaks and to eventual programmed cell death
or gross chromosomal instability. In order to restore replication eukaryotes have
evolved the DDT pathway to maintain the fidelity and integrity of the genome in
response to endogenous (reactive oxygen species) and exogenous (UV, cisplatin)
agents that produce DNA lesions. DDT is believed to be governed by two
subpathways: (1) an error-free homologous recombination (HR) repair where fork
reversal and formation of Holliday junctions allow the use of the undamaged template
to bypass the lesion [21-23], and (2) error-prone translesion synthesis (TLS) where
polymerase switching (from high fidelity replicative polymerase 6=>Y or B family
polymerase) permits efficient, but often unfaithful, lesion bypass (Figure 8) [24-27].
The importance of DDT is highlighted by extreme sensitivity of S. cerevisiae
mutants of the RAD6 epistasis group of the DDT pathway. RAD6 and RAD18 play
important roles in this pathway and mutations in these genes leads to extreme

sensitivity to a variety of DNA damaging agents and defects in induced mutagenesis

-12-



Blocked Fork

e.g. Thymine dimer

Error-Free HR repy cisplatin adduct \ Error-Prone TLS
TR
1.DSB l ¥
g: 3 Y-family polymerase
2. Invasion, or
homology search &l
D-oop formation

3. Repalr DNA l
synthesis

- T T Y B-family polymerase

4. Resolution of intermediates, ligation

Figure 8. The two arms of the DNA damage tolerance pathway. Lesions
produced by UV light or cisplatin lead to replication blocks. Synthesis across these
lesions requires either the recruitment of lesion bypass polymerases or homologous
recombination proteins for error prone or error free repair respectively. Double
strand breaks initiate HR repair as a result of catastrophic replication blocakge. Strand
invasion, homology search, D loop formation, followed by synthesis and resolution of
recombination intermediates. Alternatively, DNA lesions can be bypassed by more
liberal polymerases such as POLy or POL{ from the Y and B family of polymerases
respectively. This process is mostly error-prone as these polymerases have poor
processivity, and low fidelity as a result of the absence of 3’-5° proofreading
exonuclease.
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[28,29]. In addition, RAD6 mutants have defects in sporulation and a slow-growth
phenotype [28]. Biochemical studies in yeast have demonstrated a stable interaction
between RAD6 and RAD18 [30]. Many of the genes downstream of RAD6/RAD18
have been identified and have been placed in either the error-free or error-prone arm
of DDT based on the ability of these genes to affect sensitivity or mutagenesis in
response to genotoxic agents, such as UV light [31]. Genes included in the error-free
pathway consist of RADS, MMS2, and UBC13 while error-prone pathway consists of
RAD30, REV1, REV3 and REV7 [32]. Genes that are common to both branches of
DDT include RAD18, RAD6, PCNA and ubiquitin [32].
1.3 Ubiquitin and DNA repair
1.3.1 Fanconi anemia pathway requires ubiquitination

There is increasing evidence that the role of the ubiquitin pathway in DNA
repair, in some contexts at least, is unrelated to protein degradation in the proteasome.
For example, the monoubiquitination of the gene product FANCD?2 on lysine 561 is
an important component that complements a DNA repair defect in patients with
Fanconi anemia (FA) [33]. FA is an autosomal recessive disease which results in
genomic instability and a high predisposition to leukemia and squamous cell
carcinomas [34]. Similar to NER, FA has at least 8 complementation groups
(FANCA-C, FANCE-G, FANCL and M). They do not function in the direct removal
of the damage, however they seem to form a multi-subunit E3 ubiquitin ligase that
ubiquitinates FANCD2 [33]. Monoubiquitinated FANCD2 is targeted to the nucleus
where it interacts with other DNA repair proteins, namely BRCA1, BRCA2, PCNA,

RADS]1 and others, to co-ordinate the removal of DNA-crosslink damage inflicted by
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agents such as UV, cisplatin or mitomycin C (MMC) by either an HR or TLS
mediated response [35-37].
1.3.2 NER requires ubiquitination

Another example of a non-proteolytic role of ubiquitin in DNA repair comes
from the ubiquitination of the XPC protein in the NER pathway. The gene product
XPC is part of a protein complex with RAD23 that complements the NER defect, in
XPC cells [38]. Known as the primary DNA damage sensor in NER, the multi-
subunit ligase consisting of ROC1, CUL4A, DDB1 and DDB2 binds to the DNA
lesion and proceeds to auto-polyubiquitinate DDB2 and CUL4a, followed by the
recruitment and polyubiquitination of the XPC/RAD23 heterodimer [39]. Despite
being ubiquitinated by the same multi-subunit ligase, strikingly the ubiquitinated
proteins of DDB2, CUL4a and XPC suffer different fates. DDB2 and CUL4a are
targeted to the proteasome for degradation, while polyubiquitinated XPC is bound to
the DNA lesion and required for optimal NER activity [39]. Although the topology of
these XPC bound ubiquitin chains has yet to be determined, it is interesting to
speculate that these chains are either linked through K6 or K63 as they can both serve
non-proteolytic roles. Recently, sumoylation has also been speculated to play a role in
XPC stability [40]. Alternatively, XPC could be ubiquitinated similarly to DDB2 or
CULAa, but protected from degradation by its heterodimeric partner RAD23, as has
been suggested by several recent studies [41,42]. In fact, RAD23 contains an
ubiquitin-like sequence at its amino terminus, a domain that is conserved between
yeast and human [43]. Recently, it was shown that the interaction of the RAD23

ubiquitin-like domain and the proteasome is essential for NER [44]. Moreover, the
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requirement of this interaction was independent of the proteolytic functions of the
proteasome, thus it was suggested that the proteasome may be playing a chaperone-
like function to increase the rate or fidelity of NER [45]. Overall, these combined
observations indicate a unique role for ubiquitination in NER.
1.3.3 DDT requires ubiquitination

The final example of a role for ubiquitin in DNA repair comes from the RAD6
governed DDT pathway. The RAD6 protein itself is an E2 ubiquitin conjugating
enzyme. Mutational inactivation of the active site cysteine 88 clearly indicates that
the conjugation activity is essential for its function in variety of biological processes
[46-48]. RADSG is able to mono and polyubiquitinate histones 2A and 2B in vitro and
in vivo [47]. Furthermore, in yeast, RAD6 mediates the N-end rule protein
degradation in a complex with Ubrl protein [46]. However, the function of
RADG6/UBR1 complex is likely distinct from the role of RAD6 in DNA repair. In the
scenario of DNA damage, RAD6 is bound and recruited by a different partner, the
single strand DNA binding protein RAD18, which regulates DDT via ubiquitination
[30,49].
1.4 DNA damage tolerance in yeast

During normal replication, the molecular sliding tool-belt PCNA serves as a
processivity factor for replicative polymerases 6 and € [S0]. In yeast, PCNA is
typically sumoylated by UBC9 on K127 and K164 during S phase, a process that
serves to recruit SRS2 and suppresses unwanted recombination [51]. Upon
encountering DNA damage, RAD6 and RAD18 catalyze the monoubiquitination of

PCNA on the same K164 [52]. This reaction activates the error-prone arm of DDT,
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which helps recruit bypass polymerases such as POLn or POL1, a member of the Y
family of lesion bypass polymerases [53,54]. Recruitment is facilitated by the
recently discovered ubiquitin binding motif (UBM) and ubiquitin binding zinc finger
(UBZ) in TLS polymerases (POLn and POLu) that leads to physical interaction with
monoubiquitinated PCNA at sites of stalled replication forks [55-57]. Presumably,
after efficient bypass with these low fidelity polymerases, ubiquitin is cleaved by
deubiquitinating enzymes (DUBs) and the temporarily displaced POLS or € resumes
replication. However the exact mechanism of replicative resumption remains unclear
(Figure 9).

There is substantial evidence from yeast that monoubiquitinated PCNA can be
extended by noncanonical polyubiquitin chains linked through K63 [52]. In yeast, a
K63R mutation results in an ubiquitin monomer that can function in a majority of
pathways where chains are assembled through K48 but which are incapable of
forming chains through K63 [7,14]. The K63R mutant did not have a general defect
in ubiquitination as it grew at wild type rates, and it mediated protein turnover [14].
Intriguingly, the K63R mutation resulted in a mutant that was hypersensitive to UV
irradiation and MMS which was indistinguishable from a loss of RAD6, RADI18,
MMS2 or UBC13 [14,52]. This was the first reported role for ubiquitin chains in
DNA repair and suggested the possibility that novel chains linked through K63 may
serve as a recruiting signal that acts as a scaffold for a multi-subunit complex that
bypasses DNA lesions.

In yeast, PCNA polyubiquitination is catalyzed by the RADS/UBC13/MMS2

complex consisting of the E3 ring finger ubiquitin ligase RADS and the unique E2
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Figure 9. DNA damage tolerance in yeast. In undamaged cells PCNA sumoylation
allows normal S-phase progression by preventing unwanted recombination. Upon
encountering a DNA lesion PCNA is ubiquitinated and acts a molecular switch that
governs the error-prone or error free resolution of DNA damage during replication.
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Figure 10. DNA damage tolerance in humans. Many of the genes involved in DDT
are conserved from yeast to humans and at the start of this project the TLS arm of
DDT was shown to be functional in human cells. We sought to resolve whether the
error-free arm of DDT was functional.
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conjugating heterodimer of UBC13/MMS2 [52,58]. MMS2 is a ubiquitin conjugating
enzyme variant (UEV) that lacks a catalytic cysteine and thus requires UBC13, which
contains the appropriate cysteine to carry out the ubiquitin conjugation [59-61]. While
biochemical studies demonstrate that both partners are required for ubiquitination,
structural studies reveal that both enzymes are oriented in such a fashion that only
chains linked through K63 can be formed [62]. Interestingly, UBC13 and MMS?2 are
largely cytosolic and are recruited to the nucleus following DNA damage where they
interact with RADS and are subsequently brought into close proximity with the
RAD18/RAD6 complex [63]. Interaction of RADS/UBC13/MMS2 with
RADG6/RADI18 then promotes the assembly K63-linked ubiquitin chains at K164 of
PCNA (Figure 9) [52]. K63-linked polyubiquitinated PCNA is essential for the
error-free arm of DDT as evidenced by increased sensitivity and increased
mutagenesis in yeast mutants of MMS2 and UBC13 to a variety of DNA damaging
agents. The presence of UBC13/MMS2 in the cytoplasm is likely related to the use of
this complex in other biological processes, most notably the cell cycle [64] and signal
transduction [13].
1.5 DNA damage tolerance in humans

The absolute requirement of ubiquitination in DDT is well established in yeast
but much less is known about its role in humans. However, there is fast evolving
evidence that this pathway is functional and important in humans. First, there is a
high degree of sequence conservation of the RAD6 pathway genes from yeast to
humans, and most homologs in this pathway have been identified (Figure 10) [65-

69]. Second, disruption of lesion bypass repair has been implicated in the NER
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positive xeroderma pigmentosa variant syndrome. Patients with XPV have a mutation
in the lesion bypass POLrn (member of Rad6 epistasis group in yeast) and display a
mild photosensitivity and a greatly increased risk for developing skin cancer [20].
The XPV syndrome has recently been modeled in mice [70]. Third, recent studies of
the DDT pathway in human cells indicate the full conservation of the TLS arm of the
pathway from yeast to humans [26,71]. These landmark studies by Kannouche et al.,
and Watanabe et al.,, demonstrate that hRADI18/hRAD6-dependant PCNA
monoubiquitination co-ordinates a switch from highly processive and fidelity-driven
POLS to low fidelity polymerases POLn at sites of DNA damage. Fourth, a report
showed that stable expression of a hRad18 (human homolog of RAD18) mutant that
was unable to bind HHR®6 resulted in increased sensitivity to DNA damaging agents
[72]. Fifth, human homologs hMMS2 and hCROCI! are able to functionally
complement loss of yeast MMS2 with regard to UV sensitivity and spontaneous
mutagenesis [68]. Sixth, decreased expression of hRAD6B is associated with lung
cancer [73]. Finally, hRAD18 maps to chromosome 3p24-25 which is frequently
deleted in lung, breast, ovary and testis cancers suggesting a potential role of this
pathway in preventing carcinogenesis [72].

One could explore the role of polyubiquitination in the error-free arm of the
DDT pathway by generating null mutations in UBC13 or MMS2 but as in yeast
similar sensitivities should be imparted by expression of dominant negative K63R
mutant ubiquitin. The use of such a mutant should provide us with the opportunity to
establish a role for K63-linked chains in human cells and answer some of the

following questions: (1) is the error-free arm of DDT conserved from yeast to
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humans? (2) If so, are K63-linked chains a key component of DDT in human cells as
they are in yeast? (3) Is PCNA the key substrate involved?
1.6 General Hypothesis

By disrupting polyubiquitin chain assembly we will affect specific cellular
pathways. The introduction of dominant negative ubiquitin mutants can be used to
disrupt this chain assembly and be used as a tool to study ubiquitin in vivo and
unmask its role in mammalian systems.

Several studies, most of which have been performed in yeast, support this
hypothesis. In yeast, the overexpression of a K48R ubiquitin mutant in wild type cells
acts in a dominant negative manner and results in a general disruption of protein
turnover [74]. On the other hand, the expression of a K63R ubiquitin mutant results
in the impairment of post-replication DNA repair processes [14]. Notably, S.
cerevisiae can be exploited in a manner such that one can express the ubiquitin
mutants as the sole source of ubiquitin. In such a case, the expression of a K48R
mutant leads to cell death, while the expression of the K63R mutant leads to a
different phenotype demonstrated by sensitivity to DNA damaging agents, such as
UV light and methyl methanesulfonate (MMS) [14,74]. Although we are unable to
express ubiquitin mutants as the sole source of ubiquitin in mammalian cells, our
contribution lies in developing analogous mammalian systems that exploit the use of
dominant negative mutant forms of ubiquitin, which serve as chain terminators,
resulting in a disruption in ubiquitin chain formation (Figure 11).

We have created such a system by using site-directed mutagenesis to generate

a series of lysine to arginine ubiquitin mutants in the pUbGFP vector (Figure 12)
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Figure 11. Selective disruption of ubiquitin chains. Ubiquitin that is mutated at
specific lysine resides creates a dominant negative ubiquitin that serves as a chain
terminator. For example UbK63R will terminate K63 linkages while having no effect
on chains linked through K48. Alternatively an UbK48R mutant will disrupt K48
linked chains while leaving K63-linked polyubiquitination unaffected.
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[75]. The ubiquitin mutants are expressed as a 6XHis tagged fusion protein of
ubiquitin to EGFP driven by a Ubc promoter. To this end, A549 cells have been co-
transfected with a puromycin reéistance marker and either 6XHis-UbGFP, 6XHis-
UbK48RGFP, or 6XHis-UbK63RGFP. Furthermore, Hela cells were transfected with
6XHis-Ub-puromycin and 6XHis-K63R-puromycin constructs. Cells were selected in
puromycin for 2 weeks and examined for fluorescence by a GFP dissecting
microscope or probed with an anti-his antibody for expression of mutant ubiquitin
monomers. Highly expressing clones were expanded and pools of puromycin resistant
cells were analyzed by flow cytometry for GFP expression. Subsequently, we used
fluorescence activated cell sorting (FACS) to collect the highest expressing cells from
this population. Following three FACS sorts we acquired a population of greater than
98% of cells expressing high levels of GFP, as indicated by flow cytometry (Figure
13). In mammalian cells ubiquitin is expressed as a fusion protein with ribosomal
subunits and is cleaved into its monomeric form by ubiquitin specific proteases and/or
ubiquitin carboxyhydrolases [76-79]. Similar cleavage occurs when ubiquitin is
expressed as a fusion protein with EGFP or puromycin. Wild type and mutant forms
of ubiquitin are readily detected by Western blot in monomeric form and conjugated
to protein substrates when probed with anti-Hisg epitope antibody [75].

As shown in a recent publication, our laboratory has been able to achieve high
enough levels of mutant ubiquitin in mammalian cells to exert a dominant negative
effect. In our report, cells expressing K48R and K63R mutant ubiquitin displayed
differential sensitivity to certain protein damaging chemical agents [75]. K48R cells

were highly sensitive to the amino acid analog canavanine (which promotes protein
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Figure 12. Site-directed mutagenesis of ubiquitin. The expressed fusion protein is
processed by ubiquitin specific proteases or ubiquitin carboxyterminal hydrolases
generating a mutant ubiquitin monomer and free GFP which can be detected by flow
cytometry. Incorporation of this mutant will terminate the elongation of K63-linked
chains
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Enrichment of Stable Expressors
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Figure 13. Enrichment of stable expressors. A549 cells were cotransfected with a
puromycin resistance gene and wild type ubiquitin or mutant ubiquitin. This was
followed by enrichment of stable expressors by sorting cells expressing high levels of
GFP. After 3 sorts about 99% of cells had high homogenous expression of GFP.
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aggregation) and were able to stabilize GFP", an unstable version of GFP that is
normally rapidly degraded. Alternatively, cells expressing K63R mutants were highly
susceptible to the effects of cadmium suggesting a possible role in DNA repair.
Cadmium promotes oxidative DNA damage resulting in the formation of 8-
oxodeoxyguanosine, whose elevated levels during S phase impede replication [80].
Repair during S phase involves DDT, a process known to make use of K63-linked
ubiquitin chains to recruit error-free repair to the site of the DNA adduct. Therefore, it
is conceivable that cadmium-mediated DNA damage is repaired by error-free DDT.
However, K63-linked ubiquitin chains are involved in other cellular processes, such
as NF-xB activation, for which TRAF2 [81], TRAF6 [13], RIP [82] and NEMO [83-
85] are primary substrates. Consequently, NF-xB activation cannot be ruled out as a
possible explanation for cadmium sensitivity in K63R expressing cells.

Although mammalian cell culture studies have been and will continue to be
highly informative, the more direct measure of the importance of polyubiquitin chain
assembly may come from the analysis of its disruption in a mouse model. To this end,
the first transgenic mice expressing the tagged wild type ubiquitin (6XHis-UbGFP)
construct have recently been published by our laboratory [86]. Since the time of the
report, we have successfully established homozygous transgenic mice expressing the
mutant isoforms of 6XHis-UbK48RGFP and 6XHis-UbK63RGFP [87]. Due to the
establishment of stable mutant ubiquitin mammalian cell lines and the transgenic
mouse lines, we hypothesized that we could exploit the role of K48 and K63-linked

chains in DNA repair and NF-kB activation in vitro and in vivo. The role of ubiquitin
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in DNA repair is elaborated upon in Chapters 2-7 and Appendix A, and NF-xB

activation is addressed in Chapter 8 and Appendix B.
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Chapter 2

Lysine 63-polyubiquitination guards against translesion synthesis-induced
mutations.

Contribution of collaborators

The contents of this manuscript were written by Jan Brun (JB) and Dr. Roland K.
Chiu (RKC) and edited by Dr. Doug Gray (DAG) and Dr. Brad Wouters (BGW).
RKC, JB, Chantal Raemakers (CR), Jan Theys (JT), Lin Weng(LW), Philppe Lambin
(PL), DAG, and BGW conceived and designed the experiments. A majority of the
experiments and figures are the work of Jan Brun with the exception Figure 1A,
Figure 2A, B. Figure 3C and 3D, Figure 4, Figure S1B, Figure S2 and Table 1.
Overall, RKC, JB, CR, and JT performed the experiments. RKC, JB, CR, JT, LW,
PL, DAG, and BGW analyzed the data. RKC and JB contributed
reagents/materials/analysis tools. The GFP- POLn construct for visualizing foci was
kindly provided by Dr. Alan Lehmann (University of Sussex).

Summary

Genomic instability increases ones predisposition to developing cancer. Therefore,
eukaryotes have evolved several mechanisms to maintain the fidelity with which the
genome is replicated. Our study involves the examination of a unique DNA damage
tolerance pathway which employs the use of the ubiquitin family to rescue stalled
replication forks. Studies in lower eukaryotes suggest that novel polyubiquitin chains
are essential for this rescue in an error free manner. Here we provide evidence that
disruption of these chains leads to UV induced mutagenesis and overt sensitivity to

some DNA damaging agents. Several lines of evidence demonstrate that the
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mutations are results of increased reliance on lower fidelity polymerases. Finally we
demonstrate that the relevant target of ubiquitination is PCNA. Overall this suggests
that the PCNA ubiquitination conserved from yeast to human and its
polyubiquitination guards against environmental mutagenesis. In the short time since
the publication of this chapter, several groups have corroborated and mentioned our
work in some high impact publications including that of Lehmann et al., in DNA
repair (2007); Chang et al., in the Journal of Biological Chemistry (2006); Unk et al.,
in Proceedings of the National Academy of Sciences (2006); Motegi et al., in the
Journal of Cellular Biology (2006); Langie et al.,, in DNA repair (2007); and
reviewed in DNA repair (2007) and Nature Reviews Cancer (2006) by Bergink et al.,

and Dikic et al., respectively.
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Abstract

Eukaryotic cells possess several mechanisms to protect the integrity of their
DNA against damage. These include cell-cycle checkpoints, DNA repair
pathways, and also a distinct DNA damage tolerance system that allows recovery
of replication forks blocked at sites of DNA damage. In both humans and yeast,
lesion bypass and restart of DNA synthesis can occur through an error-prone
pathway activated following mono-ubiquitination of PCNA and recruitment of
specialized translesion synthesis polymerases. In yeast there is evidence for a
second, error-free, pathway that requires modification of PCNA with non-
proteolytic lysine 63-linked polyubiquitin (K63-polyUb) chains. Here we
demonstrate that formation of K63-polyUb chains protects human cells against
translesion synthesis-induced mutations by promoting recovery of blocked
replication forks through an alternative error-free mechanism. Furthermore we
show that polyubiquitination of PCNA occurs in UV-irradiated human cells.
Our findings indicate that K63-polyubiquitination guards against environmental

carcinogenesis and contributes to genomic stability.
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Synopsis

Genome instability is often associated with increased cancer risk and thus
considerable effort has been put into unravelling mechanisms underlying genome
surveillance. Guarding the integrity of DNA are a number of DNA repair and cell
cycle control systems. Insight into how these pathways become activated is crucially
important to the understanding of carcinogenesis and in the development of cancer
treatments. This study concerns a distinct DNA maintenance pathway that allows for
tolerance of DNA damage rather than repair. Previous knowledge from lower
organisms has suggested that enzymes that create lysine63 linked chains are required
for this pathway which prompted the authors to disrupt the ability to create these
specific chains in human cells. Blocking the formation of these ubiquitin chains,
results in a significant increase in mutations. The authors provide several lines of
evidence to implicate the error prone translesion synthesis polymerases in the
formation of these mutations. Furthermore, they provide evidence suggesting that for
DNA damage tolerance, PCNA is the relevant target of polyubiquitination in human
cells. These findings indicate that lysine63 polyubiquitination guards against

environmental carcinogenesis and contributes to genomic stability.

Introduction

In contrast to DNA repair pathways, DNA damage tolerance (DDT) is
characterized by bypass of DNA lesions rather than their direct removal or repair. The
DDT pathway is likely responsible for the ability of cells to continue to proliferate

with tremendous amounts of damage in their genomes [1]. The genetic and
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mechanistic basis of DDT is best understood in yeast where it is known to be an
extremely important determinant of the toxicity and mutagenicity of many DNA
damaging agents [2,3]. Often referred to as RAD6-dependent repair or post-
replication repair, DDT requires interaction of the E2 ubiquitin (Ub) conjugase RAD6
and the E3 Ub ligase RADI18 at sites of DNA damage [4]. Here they mediate mono-
ubiquitination of PCNA at K164 and subsequent recruitment of a specialized
translesion synthesis (TLS) polymerase capable of replication past the lesion [5,6].
Several yeast and mammalian TLS polymerases have been identified including POLn
(RAD30A), POL1 (RAD30b), REV1, REV3 and POLxk [7]. These are highly error-
prone polymerases that allow replication past a variety of DNA lesions [7]. POLn
plays a uniquely important role in the repair of UV damage as it mediates error-free
bypass of thymine-thymine dimers, the most common UV-induced lesion [8].
Saccharomyces cerevisiae Rad6 and Rad18 mutants that are unable to carry out DDT
are highly sensitive to various genotoxic agents including UV and MMS [9]. These
mutants also show a reduction in UV-induced mutations [10] that arises due to the
inability to recruit the error-prone TLS polymerases [11].

Genetic epistasis studies in yeast have established a second arm of the DDT
pathway distinct from TLS referred to as damage avoidance [5,12-14]. This pathway
is also downstream of RAD6/RAD18, but in contrast to the error-prone TLS pathway
resolves blocked replication forks through an error-free manner. Its mechanism is not
fully understood, but may involve fork reversal and recombination with the
undamaged replicated sister chromatid [5]. This damage avoidance pathway requires

a second ubiquitination complex composed of RAD5 and the UBCI13/MMS2
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heterodimer [5]. UBC13/MMS?2 is a unique Ub conjugase that synthesizes polyUb
chains linked through K63-G76 bonds rather than the typical K48-G76 bonds [13].
Although K63-polyUb chains can serve as competent proteolytic signals they are less
efficient at targeting substrates to the proteasome than K48-linked chains [15], and
the proteolytic activity of the proteasome may not be required for error-free repair
[13]. In yeast, a model has emerged in which error-free damage avoidance occurs
when mono-ubiquitinated PCNA becomes further modified by K63-polyUb via
RADS5 and MMS2/UBCI13. Interestingly, modification of K164 in PCNA by
sumoylation rather than ubiquitination reduces the error-prone pathway by
suppression of homologous recombination [16,17].

There is convincing evidence that the DDT pathway and especially the TLS
arm is also important in higher eukaryotes including humans. Mouse and human
homologs of RAD6, RAD18, PCNA and many of the TLS polymerases have been
identified [18]. The TLS polymerases form foci at sites of DNA damage following
UV irradiation and are associated with other proteins in the replication machinery
[19]. As in yeast, Rad6 and Rad18 mediate mono-ubiquitination of PCNA at K164 in
UV-irradiated mammalian cells in a dose and time dependent manner [11]. Mono-
ubiquitination of human PCNA has been suggested to provide a signal for polymerase
switching since it leads to its increased association with POLM via its ubiquitin
binding domain (UBD) or the UBZ (Ub-binding zinc-finger) in this TLS polymerase
[20]. In vitro studies have also demonstrated that mono-ubiquitination of PCNA in
yeast can stimulate the activities of both POLn and REV1 [21]. Recently, the

deubiquitinating enzyme USP1 was shown to directly remove the monoUb from

-35-



PCNA leading to the suggestion that USP1 is required to suppress the error prone
activity of TLS [22]. The functional importance of TLS is exemplified by the fact that
mutations in POLN are responsible for the variant form of Xeroderma Pigmentosum
(XPV), a disease characterized by a 2000-fold increased risk of developing skin
cancer [8]. In contrast to other XP patients, those with XPV have no defect in
excision repair [8] but are deficient in postreplication repair [23]. Furthermore, they
display enhanced mutation at TT sites due to usage of an alternative error-prone TLS
polymerase [24].

In contrast to TLS, the importance of the damage avoidance arm of DDT in
mammalian cells is not yet firmly established. Perhaps the strongest evidence
supporting a role for this pathway comes from Li et al, who showed that antisense
inhibition of hAMMS?2 resulted in an increase in mutation frequency [25]. Nonetheless,
several open questions remain to be resolved. First, a human homolog of RADS has
not yet been identified. This may be due to the fact that yeast RADS contains a
helicase activity required for its function in DNA double strand break repair, but is
unimportant for DDT [26]. These authors speculated that RADS in higher organisms
may have evolved to lose this domain. Second, although homologs of MMS2 exist
(hMMS2 and hCrocl) and are able to functionally complement loss of yeast MMS2
[27], they are additionally required for polyubiquitination of proteins in pathways
unrelated to DDT [28]. Third, although evidence for human PCNA mono-
ubiquitination is strong [11,29], there is less evidence for its polyubiquitination. High
molecular weight bands in PCNA Westerns were noted in mouse fibroblasts

following UV irradiation [11]. However, Kannouche and colleagues found no
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evidence for polyubiquitination in human fibroblasts [29]. They concluded that
polyUb forms of PCNA were either insignificant, occurred only at low levels or were
rapidly turned over [29]. Thus, whether polyubiquitination of PCNA and subsequent
activation of an error-free damage avoidance pathway is evolutionarily conserved in
humans is a source of uncertainty that we sought to resolve.

Here, we provide evidence that the ability to create K63 based polyUb chains
is required for an error-free damage response pathway in human cells. We implicate
this ubiquitination step in a pathway that contributes to genomic stability by
suppressing translesion polymerase mediated mutagenesis. Moreover, we show that
DNA damage induced PCNA polyubiquitination is indeed conserved in human cells
suggesting that this ubiquitin based molecular switch plays a decision role in directing

repair in either an error free or error prone manner.

Results
Dominant negative approach to disrupt K63-polyUb chain assembly

In order to directly investigate the functional importance of K63 linked
polyUb chains in DDT, we employed a strategy similar to that first described in yeast,
to specifically inhibit assembly of these chains. In yeast, replacement of Ub with a
mutant in which lysine 63 is mutated to arginine (K63R) disrupts the error-free arm of
DDT and results in a phenotype equivalent to loss of UBC13 or MMS2 [14]. The
K63R mutation disrupts K63-polyUb chain assembly, but has no effect on K48-linked
chains that mediate proteasomal based protein turnover [14]. In human cells, an

equivalent knock-in approach is not feasible because Ub is expressed from multiple
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genes. The UBAS2 and UBAS8O genes encode a Ub monomer fused in frame with
ribosomal subunits while the UBB and UBC genes encode variable length linear
polymers of (typically 3-4 and 9 Ub proteins respectively) [30]. The fusion proteins
are cleaved by DUBs to release individual Ub monomers. Our approach was to
express the K63R-Ub mutant in trans so that it competed with wild-type (WT) Ub for
inclusion into polyUb chains. Its incorporation blocks further ubiquitination through
K63 and thus acts in a dominant way. In a previous study we validated and used this
approach to specifically suppress K48-linked Ub chains by expressing a K48R-Ub
mutant [31]. This same construct has also been used to inhibit K48 polyubiquitination
in transgenic mice [32]. Here, we expressed 6xhis-tagged K63R-Ub or WT-Ub fused
in frame with GFP from the UbC promoter (Figure 1). <insert Figure 1 here>
Expression yields a fusion protein that is cleaved, releasing a 6xhis-tagged Ub
monomer and free GFP (Figure 1B). GFP was used to sort pools of cells with stable
high expression of the transgene. Both WT-Ub and K63R-Ub monomers were
efficiently incorporated into polyUb chains as evidenced by their detection in high
molecular weight smears characteristic of the heterogeneity of ubiquitinated proteins
(Figure 1B). The K63R-Ub mutant did not affect normal cell proliferation as
demonstrated by the identical growth rates in the sorted stable high K63R-Ub GFP
expressing pools and in the similarly sorted WT-Ub and the untransfected cells
(Figure 1C). Furthermore, disrupting K63-polyUb chain formation did not alter
normal proteasome-mediated protein degradation of p53 or HIF1a (data not shown).
These data indicate that the K63R-Ub fusion protein is properly processed into K63R

Ub monomers, incorporates normally into chains, and does not alter the ability of the
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Figure 1: Disruption of K63polyUb chain assembly. (A) Cartoon depicting the
dominant negative K63R-Ub-GFP construct. The expressed fusion protein is
processed by endogenous ubiquitin proteases generating free GFP used for detection
on a flow cytometer and mono-K63R-Ub. Incorporation of this mutant will terminate
K63-polyUb chains while not affecting canonical K48-polyUb chain assembly. (B)
Whole cell lysates were isolated from untransfected, WT-Ub, and K63R-Ub stably
expressing cells followed by immunoblot analysis with antibodies directed against
Ub, His and GFP. (C) The growth of untransfected, WT-Ub, or K63R-Ub cells was
followed by cell counting over the course of 7 days.
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proteasome to recognize polyubiquitinated substrates targeted for degradation.

Disruption of K63-polyUb chain assembly sensitizes cells to cisplatin-
but not UV-induced cell death

Creation of stable cell lines expressing W1-Ub or K63R-Ub allowed us to
examine the role of K63-polyUb chain assembly during recovery from DNA damage.
We first investigated if inhibition of K63 polyubiquitination would sensitize cells to
agents known to sensitize yeast mutants in the damage avoidance error-free arm of
DDT [2,3]. We found that cisplatin, a chemotherapeutic agent highly toxic to yeast
mutants in this pathway [2,3], is also significantly more toxic to AS549 cells
expressing K63R-Ub (Figure 2). <insert Figure 2 here> This sensitivity is specific to
expression of K63R-Ub since the response of cells expressing either WT-Ub or K33R-
Ub is identical to that of untransfected controls (Figure 2A,B). This effect was not
mediated by a general inhibition of ubiquitination since A549 cells expressing the
K48R-Ub mutant are not sensitized (data not shown). Furthermore, a K63R-Ub clone
that lost expression of the transgene (as evidenced by a low GFP signal) returned to
normal sensitivity (Figure 2B). These data imply that K63-polyUb chain assembly is
absolutely required for recovery from at least a subset of cisplatin induced lesions.
We also examined the functional importance of K63 polyubiquitination in the
recovery from UV-induced damage. In contrast to the data with cisplatin, the cell line
with stable expression of K63R-Ub exhibited a dose response to UV irradiation that
was identical to the parental cells or to cells expressing W7-Ub (Fig. 2D). Thus,

despite evidence that K63-polyUb chains are required for cisplatin tolerance, we
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Figure 2: Cells deficient in K63-Ub chain formation are sensitized to cisplatin
treatment while UV sensitivity is revealed only upon POLN knockdown. (A-B)
Clonogenic survival assays were used to determine sensitivity to 1h acute treatment
with cisplatin in untransfected A549 cells or A549 cells stably expressing WT-Ub or
K63R-Ub. The mean values of 3 independent experiments are shown with standard
error of the mean (error bars). Cells expressing K33R-Ub or cells that lost K63R-Ub
expression revert to WT-Ub cisplatin sensitivity. (C) Cells were treated for 24h with
100uM cisplatin followed by Hoechst staining to detect apoptosis. The mean values
of 3 independent experiments are shown with standard deviation. (D) Clonogenic
survival assays were used to determine sensitivity to UV-irradiation in untransfected
A549 cells or A549 cells stably expressing WT-Ub or K63R-Ub. (E) Clonogenic
survival of A549 cells stably expressing WT-Ub or K63R-Ub with or without poln
RNAI following 10J/m* UV treatment.
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found no evidence that disruption of K63-polyUb chain assembly on its own
influences UV toxicity. A possible explanation for this lack of sensitivity to UV is
that cells can compensate for loss of K63 polyUb dependent repair through increased
utilization of the error-prone TLS arm of the pathway. A similar situation occurs in
yeast where inhibition of the error-free damage avoidance arm of DDT results in a
much milder UV sensitivity than mutations in RAD6 or RAD18 which additionally
prevent TLS [33]. Using siRNA, we were able to knock down expression of POLn by
~13-fold (Supplementary Information Figure S1). Similar to inhibition of K63
polyubiquitination, knockdown of POLn had no effect on UV sensitivity on its own.
This observation is not unexpected since XPV cells (defective in POLN) are not
sensitive to killing by UV. In contrast, knockdown of POL in cells also expressing
K63R-Ub did cause increased cell kill after UV treatment (Figure 2E). This increase
in UV sensitivity suggests that K63-polyUb and POLn function in distinct,

complementary pathways that mediate recovery from UV induced damage.

Disruption of K63-polyUb chain assembly increases UV-induced
mutations

Disruption of the error-free arm in yeast is also known to result in a dramatic
increase in UV-induced mutations that is synergistic with the TLS mutant, REV3
[34]. If playing a similar role in mammalian cells, inhibition of K63
polyubiquitination should also increase UV-induced mutations. We thus analyzed
mutation induction at the HPRT locus after UV and cisplatin exposure in these same

cell lines as well as in normal human fibroblasts expressing WT-Ub or K63R-Ub
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(Figure 3). <insert Figure 3 here> Consistent with this hypothesis, A549 cells
expressing K63R-Ub show a 2.5-fold increase in UV-induced mutations compared to
cells expressing WT-Ub (Figure 3B) and a similar increase (2.2-fold) is observed in
normal fibroblasts (Figure 3C). Untransfected and WT-Ub expressing cells have
similar mutation frequencies (data not shown). The increase in mutations upon
inhibition of K63 polyubiquitination is consistent with a recent report that used
antisense to suppress the expression of MMS2 in human cells. Similar to the cells
expressing Ub-K63R, loss of MMS?2 led to ~2-fold increase in UV-induced mutations
without increasing UV-induced cell death [25]. Thus both the enzyme that is
implicated in the synthesis of K63-polyUb chains, and the chains themselves are

required for recovery from UV damage through a pathway that prevents mutations.

Increases in UV-induced mutations are due to increased utilization of
TLS

Many of the TLS polymerases are known to be important contributors to UV-
induced mutagenesis as is illustrated by a reduction in mutation frequency when
inactivated in yeast [35-38]. The data presented thus far are consistent with a model
in which inhibition of K63 polyubiquitination increases UV-induced mutations due to
increased use of the error-prone branch of the TLS pathway. However, the possibility
that K63R-Ub expression in some way increases mutations by affecting the function
of one or more TLS polymerases cannot be ruled out. In fact, the phenotype of cells
expressing K63R-Ub is similar to that described for XPV cells. Both cell types

display an increase in UV-induced mutations with no significant change in UV-
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Figure 3: Cells deficient in K63-Ub chain formation are mutagenic in response to
UV treatment. (A-B) Cells were treated with cisplatin for 1h or UV and subcultured
for 7 days. Cells were then plated and grown in 6-TG to select for HPRT mutants.
The mean values of 3 independent experiments are shown with standard deviation.
(C) Normal fibroblast(NF) stably expressing WT-Ub or K63R-Ub were UV-irradiated
( 10J'/m2) and cultured for 5 days. Cells were then plated and grown in 6-TG to select
for HPRT mutants. (D) The number of HPRT mutants were quantitated for A549 cells
stably expressing WT-Ub or K63R-Ub with or without POLn RNAi. Cells were
treated as in 3C. (E) Cells were UV-irradiated and plated in the absence or presence
of 0.4mM caffeine. The mean value of 3 independent experiments are shown with
standard error of the mean (error bars).
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induced cell death. In XPV cells this is due to loss of POLn, which replicates past T-
T dimers in an error-free manner [39]. Defects in POLn can be revealed by a
significant increase in UV-sensitivity when irradiated in the presence of caffeine, an
assay used to establish the XPV phenotype [40]. However, we found that cells
expressing K63R-Ub are not similarly hypersensitive to this combined treatment
(Figure 3E) suggesting no overt defect in POLn function in these cells.

In contrast, our data suggest that POL1 and K63-polyUb chains participate in
separate, alternative pathways for recovery from UV-induced DNA damage.
Consistent with this idea, knockdown of POL™ in combination with the inhibition of
K63-polyUb chain assembly resulted in both an increased toxicity to UV (Figure 2E),
and to a further increase in UV induced mutations (Figure 3D). Interestingly, the
number of mutations in cells following knockdown of POLN in combination with
inhibition of K63-polyUb chain assembly was far greater than additive. As expected,
loss of POLn (which replicates past T-T dimers with high fidelity) resulted in a large
induction in UV-induced mutations in WT-Ub expressing cells (Figure 3D). These
mutations are likely due to the activity of alternative TLS polymerases that can
substitute for POLn, but which are error prone across T-T dimers [41]. Additional
suppression of K63-polyUb chain assembly increased the number of UV induced
mutations by 3.5 fold. This synergistic increase in mutations strongly suggests that
the inability to form K63-polyUb chains places a larger requirement on the TLS
pathway, and thus POLn and likely other lesion bypass polymerases such as POL(

[42,43] for recovery from UV damage. Moreover, the synergistic increase in
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mutations suggests that a significant proportion of the repair is normally carried out
by the error free component of the damage avoidance pathway.

To further investigate the relationship between inhibition of K63R-polyUb
chain assembly and TLS we examined the spatial dynamics of the TLS polymerase
POLn. This polymerase is recruited to sites of damage and can be visualized in
discrete foci that co-localize with PCNA [44]. We analyzed the effects of K63R-Ub
expression on POLn foci formation in live cells using a POL7-GFP fusion construct
[44] (Figure 4A,B,D). Since our original cells co-expressed GFP we generated new
stable lines from both A549 and HeLa cells expressing WT-Ub or K63R-Ub fused
with the puromycin resistance gene. These cell lines are phenotypically equivalent to
the original GFP expressing cells (~3-fold increase in HPRT mutants in K63R-Ub
compared to WT-Ub). Similar to previous observations [44], the majority of non-
irradiated cells show homogenous nuclear distribution of the tagged polymerases
(Figure 4 and Supplementary Information Figure S2). <insert Figure 4 here> Foci
were observed in ~11-12% of cells and likely represent sites of ongoing replication
[44]. When treated with 10J/m? UV, the percentage of cells with foci increased to
30% in cells expressing WT-Ub and to 49% in cells expressing K63R-Ub 6 hr post
treatment (Figure 4B,D). This corresponds to a ~2-fold increase in UV induced foci
as a consequence of inhibition of K63 polyubiquitination (2.4-fold increase over
background for WT-Ub vs. 4.6-fold for K63R-Ub, p<0.007). We also analyzed the
co-localization of these foci with sites of DNA replication as revealed by positive
PCNA foci. We found that in both WT-Ub and K63R-Ub expressing cells, 100% of

the UV-induced POLN foci co-localized with PCNA foci (figure 4A). This suggests
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Figure 4: Disrupting K63-polyUb chain formation increases reliance of cells on
the error-prone TLS pathway. (A) HeLa cells stably expressing WT-Ub-puro or
K63R-Ub-puro were transiently transfected with a plasmid expressing a POLn-GFP
fusion. 24 hours post-transfection, cells were UV-irradiated (103/m%). POLn (green)
and PCNA (red) were detected using antibodies. Shown are representative confocal
photographs of cells 6h post UV treatment. (B) Kinetics of POLn, foci formation in
WT-Ub and K63R-Ub expressing HeLa cell lines. (C) HPRT mutation spectra. RNA
was isolated from 6-TG resistant 10J/m* UV-treated clones followed by RT-PCR and
sequence analysis of the HPRT locus. The UV induced mutations are shown in the
upper table. Most of the point mutations were G>A or C->T transitions indicated as
G/C>A/T. The lower table shows the same mutants in sequence context. (D) Foci
were quantitated 6h post-UV treatment using a live-cell imaging fluorescent
microscope. (E) The number of HPRT mutants were quantitated for A549 cells stably
expressing K63R-Ub with or without Rad18 RNAI. Cells were treated as in 4B.
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that the foci produced in the K63R-Ub expressing cells are typical of those previously
reported to occur at sites of blocked replication [44]. To rule out the possibility that
UV differentially affects the cell cycle in the two cell lines (and thus the number of
cells in S phase) we measured cell-cycle distributions before and after UV treatment
and found no significant differences (Supplementary Information Figure S3). In both
cell lines the percentage of cells with foci after UV treatment increased rapidly during
the first 30 min and then reached a plateau after 3-4 hours (Figure 4B). Thus,
although the percentage of positive cells was consistently higher in cells expressing
K63R-Ub, the kinetics of foci formation are similar. This argues that the K63R-Ub
mutant is not interfering in some way with TLS polymerase recruitment dynamics.
Interestingly, the magnitude of the increase in foci formation in the K63R-Ub mutant
cells is similar to the increase in UV-induced mutation frequency in these cells
(Figure 3B and 4B).

We also looked for possible changes in the types of mutations induced by UV after
inhibition of K63 polyubiquitination. The two predominant UV-induced lesions are
the cis-syn cyclobutane pyrimidine dimer (CPD) and the pyrimidine-6/4-pyrimidone
(6-4PP) photoproduct [45,46]. The most common lesion is the thymine-thymine CPD
(represented by T-T) followed by T-C and T(6,4)C [47]. Levels of T(6,4)T, C-T and
C-C dimers are comparatively much lower. However, the normal spectrum of UV-
induced mutations does not match this pattern of damage induction. Mutations are
primarily C to T transitions at TC and CC sites that arise due to mis-incorporation of
adenine opposite the 3°C [48,49]. The weak contribution of the TT dimer to mutation

may be explained by the activities of POL1 and POL1, which accurately bypass T-T
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and T(6,4)T lesions respectively [50,51]. To further probe for possible changes in the
function of these polymerases upon inhibition of K63 polyubiquitination we
examined the spectrum of UV-induced mutations in cells expressing K63R-Ub. By
sequence analysis of the expressed HPRT transcript we found that the increase in
mutations noted in figure 3 can be accounted for entirely by additional point
mutations. We sequenced 20 of these mutations and found that they were all located
at dipyrimidine sites (Table I). The majority of mutations were C to T transitions
(80%), with most of these being TC to TT (55%) (Figure 4C). These data are
consistent with the mutation spectrum of other normal cell lines and contrast with that
reported for cells with disruptions in TLS polymerases [48-50,52]. Importantly,
inhibition of K63 polyubiquitination did not cause any mutations at TT sites
suggesting normal function of both POL1 and POLt in these cells.

Collectively, these data suggest that inhibition of K63-polyUb chain assembly results
in an increased requirement for TLS after UV-irradiation and consequently increased
numbers of visible TLS foci, and an increase in TLS associated mutations. To further
support this assertion, we examined the dependence of the observed phenotype on
RADI18 function. We transfected our WT-Ub and K63R-Ub stable cell lines with
siRNA directed against RAD18 using conditions which consistently showed >10-fold
reduction in expression (Supplementary Information Figure S1). In both cell lines,
UV induced POLn foci formation was abrogated by RAD18 knockdown implying
that the recruitment of TLS polymerases to sites of damage are RAD18 dependent
(Figure 4D). This is similar to previous reports showing the requirement of RAD18

for POLn foci formation [11]. Significantly, the UV induced foci formation in K63R-
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Mutation Type Pyrimidine Dimer Sequence Change Position (Strand) Exon Amino Acid Mutant

TC =TT TATHC>TIATTA 674 (<) 8 Glu - Lys v26-2 27
TC=TT TATTC> DATTA 674 (=) 8 Gl = Lys U26-2 26
TCSTT TATTIC>TATTA 674 (=) 8 Ghi = Lys U26-2 19
LT ACGTIC>TITIGE 804 3 Leu — Phe UsG1
=TT TAATIC>TICAAA 548 (+) 6 Pro - Ser U26-2.28 .
=TT GTTCSTATCA o 125(9) 2 Gli = lys Y

GIC — NT TS ATGTICIDTIGA 475 (3 5 Valiss val U26:2'17

or CHTT TAATICSTICAM 48 (+) § Pro . Ser v26-2 17

UG — T/IA fo TC=-TT TIGTCSTITGGA 638 (—) 8 Asp = Asn U26-2 20

eaT TATHC>TATTA 674 () g Glu = Lys Uz6-220
TC =TT TGCTICSTIGAGA 26 (4) 3 Arg = 5TOP (i26-21
=T ATTCICSTITATG 366 () 3 Pro = Ley U4E2
=TT CTIGICSTITCGA B4 3 Ala = Val Y26-2 1.1
T =TT CTIGICTITCGA B4 3 Ala-= val U26-2 18.1
=TT CTIGIC>TITCGA B4{H) 3 Ala = val U262 36
=T CTIG(C>TITCGA BAH 3 Al - Val U262 5.1

6/C = T/A TC—TA TIGT(C>AITGGA 638 () 3 Asp — Tyr U26-2 33

or € —TA TATTC> AJATTA 674 (~) ] Glu — STOP uiGH

G — AT

or €6 CCACIC>GIAATT arE 4 - Gly = Arg UeES

UG 5G/C

AT — T/A

or TC — AC CARA(T>A)CCAA 625 () 8 Gly — Gly U26-235

TA = AT

Table I. Disrupting K63-polyUb chain assembly induces a characteristic UV
mutation signature. A549 cells stably expressing K63R-Ub were treated with 10J/m?
UV, further cultured for 7 days and then seeded in media containing 6-TG. Single
colonies were picked from each dish to ensure no sister clones will be analyzed. The
HPRT gene was then amplified by RT-PCR followed by sequencing using 4
overlapping primers. The mutants are grouped by observed point mutations and
inferred pyrimidine dimers.
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Ub was also reduced to non-irradiated levels suggesting that the increased number of
foci that are found in cells expressing the K63R mutant is also downstream of
RADI18. RADI18 has been previously shown to be important for recombinational
repair and RADI18-knockout mouse embryonic stem cells exhibit more sister
chromatid exchanges in response to DNA damage [53]. The combination of
disrupting K63R-polyUb chain formation and RAD18 knockdown did not show an
increase in mutations, in fact a modest but non-significant decrease was observed
(Figure 4E). The lack of an additive mutation effect supports the foci data implicating

a role for K63-polyUb chain formation downstream of RAD18.

PCNA is polyubiquitinated

Our data support a role for the formation of K63-polyUb chains in promoting
the recovery of human cells from DNA damage through an error-free pathway that is
distinct from TLS. A likely target of this polyubiquitination is PCNA, which in yeast
is modified by K63-polyUb by RADS/MMS2. However, similar modification of
PCNA has not been observed in UV irradiated human cells [29]. We investigated
PCNA modification after UV irradiation in 3 separate human cell lines: A549 lung
cancer cells; 293T embryonic kidney cells; and Hela cervical cancer cells. 6 hours
following a dose of 30J/m? we observed the appearance of a prominent band
consistent with mono-ubiquitinated PCNA and overexposure of this blot revealed
additional PCNA-immunoreactive bands of higher molecular weight consistent with
PCNA modified with 2, 3 and 4 ubiquitin molecules (Figure 5). <insert Figure 5

here> As it has been previously demonstrated that RAD18 is required for the mono-
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Figure 5: Modification of PCNA by polyubiquitin in human cells after DNA
damage. (A) A549, 293T and Hela cells were irradiated with O or 30J/m* UV and
lysed 6 hours post-treatment followed by immunoblotting for PCNA. (B) 293T cells
were transfected with 100nM of either control siRNA, siRNA Ubcl3 or siRNA
Rad18. 72hours posttransfection cells were treated as in 1A. A darker and lighter
exposure of the PCNA immunoblot is shown. (C) A549, 293T and Hela cells were
irradiated with 30J/m? UV and lysed in boiling SDS, diluted in lysis buffer and
subjected to immunoprecipitation with a PCNA antibody and detected with PCNA or
Ub antibodies. The controls in the immunoprecipitations were ‘no 1°’ in which
lysates were incubated with beads but no PCNA antibody and ‘1°B’ in which PCNA
antibody was incubated with beads alone. (D) 293T cells were transfected the same as
in Figure 5B. 72 hours post transfection cells were irradiated with 30J/m” of UV and
lysed 6 hours later in boiling SDS, diluted in lysis buffer and subjected to
immunoprecipitation with a PCNA antibody and immunoblotted for PCNA (upper
panel) and ubiquitin (lower panel). A lighter exposure of the PCNA IP
immunoblotted for ubiquitin is also shown. A PCNA immunoblot with darker and
lighter exposure performed on protein lysates from the same samples used in the
immunoprecipitations is also shown. * denotes immunoglobulin heavy and light
chains as detected on the immunoprecipitations.
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ubiquitination of PCNA in human cells and that this monoUb PCNA species is
required as a substrate for UBC13 mediated K63-polyubiquitination in yeast, we
sought to determine whether the observed higher molecular weight bands are
dependent on either RAD18 or UBCI13. To this end, the expression of R4DI8 or
UBCI13 was knocked down using the appropriate siRNAs (Supplementary
Information Figure S1). As expected, the band corresponding with monoUb PCNA
was substantially reduced in lysates from RADI18 siRNA transfected cells and this
also resulted in suppression of the higher molecular weight (polyUb) forms of PCNA
presumably modified with 2, 3, or 4 Ub molecules (Figure 5B and Supplementary
Information Figure S4A). In contrast, knock down of the E2 ubiquitin ligase
responsible for K63 polyubiquitination had no effect on the formation of monoUb
PCNA after UV irradiation, but did effectively reduce the di, tri, and quad polyUb
PCNA bands to levels similar to those in the RAD18 knockdowns (Figure 5B and
Supplementary Information Figure S4A). Together these data suggest that in both cell
lines tested, UV induces modification of PCNA by both monoUb (in a RAD18
dependent manner) and by K63 polyUb chains of length 2, 3 and 4 (in a RAD18 and
UBCI13 dependent manner).

To further demonstrate that these higher molecular weight species are indeed
ubiquitinated forms of PCNA, we immunoprecipitated PCNA from AS549, 293T and
Hela cells and probed using an antibody directed against Ub or PCNA (Figure 5C). In
addition, we excluded the possibility that an ubiquitinated protein was co-
immunoprecipitated with PCNA by lysing cells in boiling 0.5% SDS to ensure

dissociation of PCNA complexes. Following a 5-fold dilution (0.1% SDS), the lysates
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were immunoprecipitated. Under these conditions we reproducibly observed several
higher molecular weight bands consistent with polyubiquitination of PCNA in each of
the three cell lines (Figure 5C, D and Supplementary Information Figure S4B, C).
These Ub immunoreactive bands correspond well with the predicted molecular
weights for di-, tri- and quad-ubiquitinated PCNA. The antibody against Ub
reproducibly demonstrated less affinity for the mono-ubiquitinated form of PCNA,
although this was clearly the most abundant form as shown by PCNA immunoblots
(Figure SC, D and Supplementary Information Figure S4B, C). This appears to be a
characteristic of the antibody, as we have seen this reproducibly for other
ubiquitinated proteins (data not shown). Interestingly, each of the cell lines, especially
293T cells, also show low levels of PCNA polyubiquitination in the absence of UV.
However, in all cases the Ub immunoreactive bands are significantly increased upon
irradiation in a manner consistent with the increase in mono-ubiquitinated PCNA
(Figure 5C, D and Supplementary Information Figure S4B, C). Similar to previous
reports [29], mono-ubiquitinated PCNA was readily visible 1.5h after UV treatment
and remained present for up to 24h as detected by the PCNA antibody
(Supplementary Information Figure S4B). Similarly, bands consistent with di, tri, and
quad polyUb forms of PCNA became visible within 1.5h following UV, and
remained present up to 24h after exposure (Supplementary Information Figure S4B).
Importantly, consistent with the PCNA Western blots (Figure 5B and Supplementary
Information Figure S4A) the Ub immunoreactive bands following PCNA IP in both
Hela (Supplementary Information Figure S4C) and 293T (Figure 5D) cells were

substantially reduced following knockdown of either RAD18 or UBCI13. As
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expected, RADI18 knockdown blocked both mono-ubiquitination and
polyubiquitination of PCNA whereas UBC13 knockdown inhibited only the di, tri
and quad polyUb forms (Figure 5B, D and Supplementary Information Figure S4A,
O).

Collectively, these data show that PCNA is indeed modified by polyUb chains
in human cell lines. Similar modification was observed in primary skin and lung
fibroblasts (data not shown) and in response to other forms of damage such as
cisplatin (Supplementary Information Figure S5). We speculate that the lack of
PCNA polyubiquitination reported earlier [29] may be explained by technical
difficulties in detecting Ub due to its strong tertiary structure [54], the low abundance
of polyubiquitinated PCNA, or perhaps differences in cell types. In our studies, Ub
blots were autoclaved to overcome detection problems due to the strong tertiary
structure [54]. We also excluded the possibility that deubiquitinating (DUB) enzymes
in cell lysates may have activity against ubiquitinated PCNA by repeating the
immunoprecipitation in the presence of N-ethylmaleimide (NEM), a non-specific
inhibitor of DUBs (Supplementary Information Figure S6). Under these conditions,

no change in PCNA polyubiquitination was observed.

Discussion

The highly conserved ubiquitin protein serves as a pleiotropic covalent tag for
many cellular proteins. It has essential proteolytic and nonproteolytic functions that
are based on the length and topology of the chain formed. The pathway in which Ub

is most commonly associated is the proteasome pathway, a system for targeting
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protein substrates via K48-linked polyUb chains for degradation in the 26S
proteasome [55]. However, there is increasing evidence that Ub plays an important
role in a number of nonproteolytic pathways including receptor internalization [56],
translation [57], signal transduction [28], gene regulation [58] and DNA repair
[5,6,14,25,29,59]. These roles appear to be mediated in part by the non-canonical
polyUb chains. Much less is known about this aspect of ubiquitination compared with
the role of K48-polyUb in protein degradation. Of particular interest are chains linked
through K63 as genetic studies in S. cerevisiae have shown that the enzymatic
complex (RADS, UBC13/MMS?2) that assembles these chains are required to protect
cells from the harmful effects of genotoxic agents by allowing the replication
machinery to bypass DNA lesions in a faithful manner [14]. In fact, ubiquitination of
the DNA polymerase processivity factor PCNA is emerging as a key ‘molecular
switch’ for DDT [5,6,29]. Mono-ubiquitination of PCNA promotes error-prone TLS
while K63-polyUb activates error-free damage avoidance. The body of evidence
supporting the requirement of PCNA post-translational modifications for DDT in
mammalian cells is only now emerging.

In this report we provide evidence to support a model (Figure 6) in which
ubiquitination of PCNA acts at a central decision point to direct the recovery of
blocked replication forks towards one of two alternative pathways in mammalian
cells. Recent reports have confirmed that RAD6 dependent mono-ubiquitination of
PCNA also stimulates TLS in human cells. This stimulation appears to result through

direct binding of the TLS polymerases to mono-ubiquitinated PCNA [11,29].
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Figure 6: Model of the DNA damage tolerance pathway in mammalian cells.
Recovery from a stalled replication fork at sites of DNA damage can occur by one of
two alternative pathways. Previous work has shown that PCNA mono-ubiquitination
by the RAD6/RAD18 complex stimulates lesion bypass through recruitment of the
error-prone TLS polymerases. Here we show that an alternative error-free pathway
requires formation of K63-polyUb chains. Blockade of this error-free pathway results
in increased use of the TLS polymerases after DNA damage and a corresponding
increase in mutations. As the TLS polymerases, POLn and POL1 both bind directly
and avidly to polyUb chains [20], it is hypothesized that the interaction with K63-
polyUb causes a disengagement of the polymerase from the DNA and allowing other
proteins to migrate to the site of damage to perform error-free repair. This model
predicts that K63-polyubiquitination acts to suppress environmental carcinogenesis
by preventing genomic instability that would otherwise be introduced by the TLS
polymerases.
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Our data indicate that formation of K63-polyUb chains is required to utilize an
error-free pathway distinct from TLS. For cisplatin-induced damage this pathway is
required for cell survival from at least some types of damage as its inhibition cannot
be compensated for by the alternative TLS pathway. For UV-induced damage,
inhibition of K63 polyubiquitination does not affect overall cell survival but instead
causes an increase in mutations arising from an apparent increased requirement for
the error prone branch of TLS. This is supported by several lines of evidence. First,
blockade of K63-polyUb chain formation led to a 2.4 fold increase in RADI8
dependent TLS foci after UV-irradiation. Second, we found that the number of UV
induced mutations increased by a similar factor in these cells, and that the spectra of
these mutations is consistent with that produced normally by error-prone TLS
polymerases after UV. Third, POLn knockdown in combination with blockade of
K63-polyUb chain formation led to increased toxicity to UV, although no change was
seen with either individually. And fourth, an increased reliance on the TLS arm upon
blockade of K63-polyUb chain assembly was revealed by a synergistic increase in
UV induced mutations when expressed in POLn knockdown cells. POLn knockdown
cells showed a high mutation rate as expected, but this rate increased by a factor of
3.5 when K63-polyUb chain assembly was inhibited Together, these data imply that
formation of K63-polyUb chains can activate an error-free mechanism to protect cells
against mutations that would otherwise be induced by the error-prone TLS
polymerases. It will be of interest to determine if K63-polyUb chain formation also

plays a role in the protection against sunlight-induced skin cancer.
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An obvious question that emerges is how formation of K63-polyUb acts to
suppress TLS. Recent reports have demonstrated that the TLS polymerases, POLn
and POL1 both bind directly and avidly to polyUb chains through newly discovered
binding domains [20] [Plosky et al, in press]. A C-terminal zinc finger domain of
POLM and the proline residue at position 692 of POL1 are required for the respective
interaction with ubiquitin [20]. Together with our data, this suggests a possible
mechanism whereby differential ubiquitination of PCNA could act as a switch
between TLS and an alternative error free pathway (Figure 6). In this model, the TLS
polymerases are recruited to the sites of replication through interaction with mono-
ubiquitinated PCNA and subsequently mediate TLS across DNA lesions. Extension
of the Ub chain through K63 linked polyubiquitination in some way suppresses TLS
activity and promotes recovery through an alternative error-free pathway. This
suppression may be mediated also through the recently discovered binding of POLn
and POL1 to the K63-polyUb chains and preventing access to the site of damage. An
intriguing possibility is that K63-polyUb chains are cleaved upon binding to TLS
polymerases thereby functionally removing them from the site of the lesion. This
possibility is supported by the low detectable levels polyubiquitinated PCNA as well
as by the observed increase in POLN foci in K63R-Ub expressing cells.

Although our data suggest that PCNA is indeed a target for K63
polyubiquitination, they do not exclude the possibility that other key proteins in this
pathway are also important substrates for these chains. Indeed, K63
polyubiquitination occurs on at least 3 proteins (RIP, NEMO and TRAF6) in an

unrelated pathway that activates NF-xB [28,60,61]. In this pathway K63-polyUb
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chains on multiple proteins may facilitate their assembly into an active complex [61].
It is therefore intriguing to speculate that K63-polyUb chains may not only uncouple
the TLS polymerases from the site of damage, but also provide a mechanism for
recruitment of other proteins required for error-free repair.

Non-proteolytic roles for Ub have also been implicated in other DNA repair
pathways that may interact with DDT, most notably that involving the Fanconi’s
anemia (FA) gene products [18]. FANCD2 becomes mono-ubiquitinated after DNA
damage and localizes to nuclear foci [62]. FANCC has been associated with the TLS
polymerases REV1 and REV3 [63] and may also interact with the BLM helicase [64],
a candidate for promoting fork reversal in the error-free damage avoidance pathway
[65]. A challenge for future investigations will be to understand how K63-polyUb
chain assembly is regulated and how these chains promote interaction with other

pathways to mediate error-free recovery from DNA damage.

Materials and methods

Cell culture and treatments

The construction of the Ub expressing plasmids has been described elsewhere [31].
The POL7n-GFP plasmid was a gift of Dr. Alan R. Lehmann, (Genome Damage and
Stability Centre, University of Sussex, Falmer, Brighton U.K.). All cell lines were
cultured in DMEM (Sigma, St. Louis, Missouri, United States) supplemented with
10% FBS (Sigma). A549 cells were co-transfected with WT-Ub-GFP or K63R-Ub-

GFP plasmids and pBabePuro using FuGene 6 (Roche, Basal Switzerland). HeLa
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cells were transfected with WI-Ub-puro or K63R-Ub-puro constructs using
lipofectamine (Invitrogen, Carlsbad, California, United States). Stable transfectants
were selected in 1pg/ml puromycin (Sigma) and/or by flow cytometry (FACSAria,

BDBiosciences Pharmingen, San Diego, California, United States).

The sensitivity to UV-irradiation alone, UV combined with caffeine, and cisplatin
alone was evaluated using clonogenic survival assays. UV-irradiation was performed
on 80% confluent cells in 6cm dishes using a UVC germicidal lamp at a fluence of
1J/m%s. UV and caffeine combination studies were done as above but cells were
plated in 0.4mM caffeine immediately after UV irradiation. Cells were treated for 1h
in cisplatin diluted in culture media. Cells were plated in 6 cm dishes in triplicate and
incubated for 2 weeks to obtain colony-formation. Colonies were fixed, stained with
2% bromophenol blue in 70% ethanol and colonies containing =50 cells counted. All
experiments were normalized for plating efficiency.

The sensitivity to UV in POLN knockdown cells was performed as above with the
exception that cells were transfected twice with siGENOME SMARTpool reagent
specific for human POLH (Dharmacon Research, Lafayette, Colorodo, United States)
using oligofectamine (Invitrogen). The transfections were done 72 and 24h before UV
treatment to achieve optimal long term knockdown as determined by quantitative RT-
PCR.

Quantitation of gene expression was performed using an Applied Biosystems (Foster
City, California, United States) 7500 Real Time PCR system. Applied Biosystems
"assay on demand" were used to measure gene expression. For Radl8

Hs00220119_ml, POLn Hs00197814 and for 18S Hs99999901 sl was used.
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Reactions were performed using Tagman Universal PCR Master Mix from Applied

Biosystems.

Immunoblotting

Following the indicated treatments with either UV, cisplatin and/or siGENOME
SMARTpool reagent specific for human UBC13 or human RAD18 (Dharmacon),
cells were harvested in lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1%
Triton-X-100, 2mM EDTA, and 5% glycerol with 200ug/ml phenylmethylsulfonyl
fluoride, 2mM NaVOQy4, 2 mM NaF, and 2mM NaPPi, 1x protease inhibitor cocktail).
Samples were sonicated, soluble fractions recovered and proteins quantified using the
Bradford protein assay (Bio-Rad). Proteins were resolved on either a one or two
phase SDS-polyacrylamide gel (10% and 15% or 10%) and electroblotted onto a
Hybond C nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway, New
Jersey, United States). The membrane was stained with Ponceau S (Sigma) prior to
Western blotting with the indicated primary antibody. The following antibodies were
used: rabbit polyclonal Ub (Dako, Glostrup, Denmark), mouse monoclonal RGS-His
(Qiagen, Valencia, California, United States), mouse monoclonal PCNA PC10
(Chemicon, http://www.chemicon.com), rabbit polyclonal GFP (Santa Cruz
Biotechnology, Santa Cruz, California, United States) and mouse monoclonal actin
(Sigma). Proteins were visualized by a horseradish peroxidase method using ECL

(Kirkegaard & Perry Laboratories, http://www.kpl.com)).
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Immunoprecipitation

Cells were UV-irradiated with 30J/m? as described above and either left untreated or
transfected with siGENOME SMARTpool reagent specific for human UBC13 or
human RAD18 (Dharmacon). Cells were lysed (6h after irradiation) in lysis buffer
supplemented with 0.5% SDS. Lysates were sonicated and boiled for Smin followed
by dilution to 0.1% SDS. After protein quantitation 500ug of protein was incubated
overnight at 4°C with anti-PCNA (1/200). The following day, lysates were incubated
for 48h at 4°C with 100pl of Gamma bound Sepharose Beads (Pharmacia Amersham
Biotech). Beads were washed extensively in lysis buffer and proteins were eluted by
boiling in 1x Laemmli’s SDS sample buffer. Immunoblotting was performed as
described above except the membranes were autoclaved for 20min in ddH,O after
protein transfer, and proteins were visualized using SuperSignal West Pico
Chemiluminescent Substrate (Pierce Biotechnology, Rockford, Illinois, United

States).

Mutation spectrum

To eliminate background HPRT mutations, cells were cultured in hypoxanthine,
aminopterin, and thymidine (HAT) supplemented culture medium for one week. UV-
induced HPRT mutants were obtained by seeding 1.5x10* cells in 24 well plates,
followed by 10J/m? UV irradiation 24h later. Cells were subcultured for 7 days, and
re-seeded at 5.0x10* cells on 35 mm dishes in medium containing 30uM 6-
thioguanine (6-TG). Individual colonies were picked and grown until enough cells

were obtained for RNA-isolation using RNA-aqueous kit (Ambion, Austin, Texas,
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United States). The HPRT gene was subjected to RT-PCR followed by sequencing

using the following overlapping primers: HPRTI1 -
5’CTTCCTCCTCCTGAGCAGTC3’; HPRT2 -
5’AAGCAGATGGCCACAGAACT3’; HPRT3 -
5’CCTGGCGTCGTGATTAGTG3’; HPRT4-

S’TTTACTGGCGATGTCAATAGGA3’;HPRTS-5’GACCAGTCAACAG-

GGGACAT3’; and HPRT6 S’ATGTCCCCTGTTGACTGGTC3’.

Mutation frequency

1.0x10° HPRT-mutant free cells were seeded and treated the following day with
either UV-irradiated (0, 5, 10 J/mz) or cisplatin (0, 5, 10 puM for 1 hour). After
subculturing the treated cells for one week, 4.0x10° cells were seeded in selective
medium containing 6-TG (as above) and incubated until colonies were formed.
Colonies were counted and HPRT mutation frequency was defined after correcting
for plating efficiency.

Mutation frequency in response to UV in POLn and RAD18 knockdown cells was
performed as above with the exception that cells were transfected twice with
siGENOME SMARTpool reagent specific for human POLH or human RADI18
(Dharmacon) using oligofectamine. The transfections were done 72 and 24h before

UV treatment to achieve optimal long term knockdown as determined by quantitative

PCR.
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Foci

A549 and Hela cells stably expressing WT-Ub-puro and K63R-Ub-puro were
transiently transfected with a Po/n-GFP plasmid. 24 hours post-transfection, cells
were UV-irradiated at a dose of 10J/m” To observe living cells, cells were cultured in
35mm glass bottom dishes (MatTek Corporation, http://www.mattek.com) with
coverslips. Real time excitation measurements to monitor fluorescent signals in
transfected cells were subsequently performed using a live cell microscopy unit
mounted on a Leica DR IRBE inverted microscope (Wetzlar, Germany), equipped
with a polychromator that allows generation of light of the required wavelength,
using a 63x objective. Both the polychromator and filterwheel were controlled via the
PC using specialized Openlab software from Improvision
(http://www.improvision.com/products/openlab). At least 100 cells were counted for
each cell line at each time point per experiment by a blinded independent observer.
The recruitment of POLn to foci was determined in response to UV in RADI18
knockdown cells was performed as above with the exception that cells were
transfected twice with siGENOME SMARTpool reagent specific for human RAD18
using oligofectamine. The transfections were done 72 and 24h before UV treatment to
achieve optimal long term knockdown as determined by quantitative PCR.

For colocalization studies, Hela cglls stably expressing WI-Ub-puro and K63R-Ub-
puro were transiently transfected with a Po/n-GFP plasmid in a chamber slide (BD
Biosciences Pharmingen). 24 hours post-transfection, cells were UV-irradiated at a
dose of 10J/m?. For detection of PCNA and POLn, cells were fixed in cold methanol

for 20 min at -20°C followed by 30 sec in cold acetone. Cells were washed twice
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with PBS and then incubated at room temperature with both anti-PCNA and anti-
POLn. After 1 h, cells were washed with PBS and then incubated with FITC-
conjugated goat antimouse IgG (Invitrogen) and Texas red-conjugated goat antirabbit
(Invitrogen), for 45 min. After washing in PBS, cells were dehydrated for 1 min in
70% ethanol followed by twice 1 min in 100% ethanol. Cells were then mounted with
Fluorescent Mounting Media (Dako) and visualized by confocal microscopy.

Gene identification numbers
The Gene I.D numbers for the gene and gene products discussed in the paper were

obtained from Entrez Gene

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=gene)

UBC13 (7334), RADI8 (56852), PCNA (5111), POLH (5429), MMS2 (7336),
RADS (850719), HPRT (3251), BLM (641), FANCD2 (2177), FANCC (2176),
REV3 (5980), UBA52 (7311), UBASO (6233), UBB (7314), UBC (7316), NEMO
(8517), TRAF6 (7189), NF-kappaB (4790), POLI (11201), CROC1 (7335)
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Supplementary Figure S1. Knock down of UBC13, RADI18 and POL1. (A) Hela
and 293T cells were transfected with siRNA against UBC!3 and analyzed by Western
blot. (B) A549 cells were transfected twice (48h apart) with siRNA against RAD18 or
POLn. Knockdown was analyzed 24 and 72h post 2™ transfection for mRNA
expression relative to 18S rRNA using quantitative RT-PCR.
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Supplementary Figure S2. Increase in POL™) foci are also observed in A549 cells.
A549 cells stably expressing WT-Ub or K63R-Ub were treated as in Figure 4. Two
independent experiments were performed.
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Supplementary Figure S3. Cell cycle profile following UV treatment. (A) A549
cells expressing WT-Ub-GFP or K63R-Ub-GFP were treated with the indicated dose
of UV (B) Hela cells expressing WT-Ub-puro or K63R-Ub-puro were treated with
10J/m* UV and fixed either immediately or 6h post-treatment. Following PI staining,
cells were analyzed for DNA content using a FACSAria flow cytometer (BD
Bioscience).
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Supplementary Figure S4. Modification of PCNA by polyubiquitin in human
cells after DNA damage. (A) Hela cells were subjected to the same procedure as in
5B. A darker (upper panel) and lighter exposure (lower panel) of the PCNA
immunoblot is shown. (B) A549 cells were UV-irradiated as in Figure SA and lysed
at the indicated times posttreatment. Whole cell lysates were subjected to
immunoprecipitations with an anti-PCNA antibody followed by immunoblotting for
PCNA (upper panel) and Ub (lower panel). The controls in the immunoprecipitations
are the same as in 5C. UV indicates no UV treatment. (C) Hela cells were subjected
to the same procedure as in Figure 5D. A lighter exposure of the PCNA IP
immunoblotted for ubiquitin is shown. A PCNA immunoblot with darker and lighter
exposure performed on protein lysates from the same samples used in the
immunoprecipitations is also shown.
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Supplementary Figure SS. Cisplatin treatment also induces modification of
PCNA by polyubiquitin in human cells. Untreated, 30J/m?> UV irradiated and

160uM cisplatin treated AS49, and Hela cells were lysed 6 hours post-treatment
followed by immunoblotting for PCNA.
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Supplementary Figure S6. Inhibition of deubiquitinating enzymes does not affect
appearance of polyUb-PCNA. A549, 293T and Hela cells were treated with 30J/m?
UV and lysed in the presence or absence of the general thiol protease inhibitor NEM.
Immunoprecipitation and Western blots were done as described in materials and
methods. The controls in the immunoprecipitations were ‘no 1°’ in which lysates
were incubated with beads but no PCNA antibody and ‘1°B’ in which PCNA
antibody was incubated with beads alone.
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Appendix A

Formation of lysine 63-linked poly-ubiquitin chains protects human lung cells
against benzo(a)pyrene-diol-epoxide-induced mutagenicity.

Contribution to Collaboration,

Our contribution to this manuscript includes providing data demonstrating that the
environmental mutagen BPDE induces the polyubiquitination of PCNA similarly to
UV light. The written contribution of Jan Brun to this manuscript includes the
appropriate result section, materials and methods, and figure legends. RKC edited the
manuscript.

Summary

The authors of this paper demonstrate that disruption of K63-linked
polyubiquitination on PCNA leads to a significant increase in BPDE induced
mutations. This is an important finding since BPDE is a common environmental
mutagen that is a product of the incomplete combustion of organic materials such as
charbroiled foods, car exhaust, asphalt processing and cigarette smoke. Significantly,
Langie et al., show that a majority of mutations are G=>T transversions which is a
result of recruiting POLn to the sites of BPDE damage. Interestingly, most pulmonary
lung cancers have been associated with decreased expression of hRAD6 (marker of
DDT function) and the common G->T signature. This suggests an important role for

K63-linked chains in protecting against carcinogenesis of the lung.
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Abstract

Benzo(a)pyrene exerts its mutagenic effects via induction of benzo(a)pyrene-diol-
epoxide (BPDE)-DNA adducts. Such helix-distorting adducts are not always
successfully repaired prior to DNA replication, which may result in a blocked
replication fork. To alleviate this stall, cells utilize DNA damage tolerance systems
involving either error-free damage avoidance or error-prone translesion synthesis.
Studies in yeast suggest the modification of PCNA by lysine 63-linked poly-ubiquitin
(K63-polyUb) chains as a key mediator of the error-free damage avoidance pathway.
Recently, we extended this observation to human cells, showing the occurrence of
poly-ubiquitination of PCNA in UV-irradiated human cells. In the present study, we
hypothesized that disrupting the formation of K63-polyUb chains inhibits damage
avoidance and favors error-prone repair involving low-fidelity polymerases (e.g.
POLn), causing increased BPDE-induced mutagenicity. To test this hypothesis, we
generated A549 cells expressing either a mutant ubiquitin (X63R-Ub) which blocks
further ubiquitination through K63, or the wild type ubiquitin (WT-Ub). We show that
PCNA is poly-ubiquitinated in these cells upon BPDE-exposure and that disruption of
K63-polyUb chain formation has no effect on BPDE-induced toxicity. In contrast,
significantly higher frequencies of BPDE-induced HPRT mutations were observed in
K63R-Ub expressing cells, of which the majority (74%) was G>T transversions.
BPDE treatment caused an enhanced recruitment of POLn to the replication
machinery of the K63R-Ub expressing cells, where it co-localized with PCNA.

Suppression of POLN expression by using siRNA resulted in a 50% reduction of
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BPDE-induced mutations in the K63R cells. In conclusion, we demonstrated that
formation of K63-polyUb chains protects BPDE-exposed human cells against
translesion synthesis-mediated mutagenesis. These findings indicate that K63-
polyubiquitination gu