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SUMMARY
Post-replication repair (PRR) pathways play important roles in restarting stalled replication forks
and regulating mutagenesis. In yeast, Rad5-mediated damage avoidance and Rad18-mediated
translesion synthesis (TLS) are two forms of PRR. Two Rad5-related proteins, SHPRH and
HLTF, have been identified in mammalian cells, but their specific roles in PRR are unclear. Here,
we show that HLTF and SHPRH suppress mutagenesis in a damage-specific manner, preventing
mutations induced by UV and MMS, respectively. Following UV, HLTF enhances PCNA
monoubiquitination and recruitment of TLS polymerase eta, while also inhibiting SHPRH
function. In contrast, MMS promotes the degradation of HLTF and the interactions of SHPRH
with Rad18 and polymerase kappa. Our data not only suggest that cells differentially utilize HLTF
and SHPRH for different forms of DNA damage, but also, surprisingly, that HLTF and SHPRH
may coordinate the two main branches of PRR to choose the proper bypass mechanism for
minimizing mutagenesis.

INTRODUCTION
The genome is particularly vulnerable during DNA replication since replication forks can
stall at secondary DNA structures, repetitive sequences, certain protein-DNA complexes,
and DNA damage. Although stalled forks are typically stabilized by the DNA damage
response, they can also undergo collapse, a process associated with replisome dissociation,
double-strand break formation, and the generation of gross chromosomal rearrangements
(GCRs) (Branzei and Foiani, 2010). DNA damage tolerance pathways, also known as post-
replication repair (PRR) pathways, help prevent fork collapse when DNA damage is present
by allowing stalled forks to progress through lesions (Branzei and Foiani, 2010; Chang and
Cimprich, 2009; Friedberg, 2005; Lee and Myung, 2008). Studies in both yeast and
mammalian cells have suggested there are two major strategies for PRR. The first employs
translesion synthesis (TLS) polymerases, a class of specialized, low-processivity
polymerases able to replicate over distortions in DNA and directly bypass many lesions
(Prakash et al., 2005; Waters et al., 2009). The second involves indirect bypass through a
damage avoidance mechanism. Although the mechanism of damage avoidance is unclear, it
is thought to involve template switching with the undamaged sister chromatid and/or
homologous recombination (Broomfield et al., 2001; Unk et al., 2010). Thus, both the direct
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and indirect bypass pathways allow for resumption of DNA replication, leaving the repair of
lesions for a later time.

Although PRR pathways prevent serious chromosomal abnormalities, lesion bypass itself
can introduce mutations and represents an important mechanism by which mutations can
result from DNA damage. Many fork-stalling lesions cause inaccurate base pairing (e.g. at
abasic sites or alkylated bases). Thus, direct lesion bypass by TLS polymerases can result in
either point or frameshift mutations, as these use damaged DNA as templates (Prakash et al.,
2005; Waters et al., 2009). In contrast, when bypass is accomplished by damage avoidance,
the chance of mutation may be significantly reduced, as undamaged sister chromatids are
used as templates, thereby avoiding the lesion entirely (Broomfield et al., 2001; Friedberg,
2005). Moreover, certain TLS polymerases themselves are now known to bypass specific
lesions with high efficiency and fidelity. For example, human Polη, loss of which leads to
the UV-sensitive syndrome xeroderma pigmentosum variant XP-V, can bypass cyclobutane
pyrimidine dimers in an error-free manner (Johnson et al., 1999; Masutani et al., 1999).
Thus, while convention maintains that TLS is error-prone and that damage avoidance is
error-free, we now know that TLS can be error-free, as well.

Although individual TLS polymerases have different activities and are likely tailored to
specific types of fork-stalling lesions, the mechanism by which the cell promotes the use of
one over another for a given lesion are not clear, nor is it clear what ultimately determines
the choice between TLS and damage avoidance. A critical step in the regulation of PRR is
the post-translational modification of PCNA (proliferating cell nuclear antigen), the
replicative sliding clamp that plays an essential role in replication. Following many forms of
DNA damage and replication stress, PCNA becomes modified on lysine 164 (K164) by the
addition of either a mono- or polyubiquitin chain (Hoege et al., 2002; Lee and Myung, 2008;
Stelter and Ulrich, 2003; Ulrich, 2009). Monoubiquitination of PCNA promotes some forms
of direct lesion bypass by recruiting TLS polymerases to the replication fork through
ubiquitin-interacting domains (Bienko et al., 2005; Kannouche et al., 2004; Waters et al.,
2009), while polyubiquitination of PCNA promotes damage avoidance pathways through a
process that is still poorly defined (Ulrich, 2009). The ubiquitination of PCNA is mediated
by the Rad6 epistasis group in yeast, and two RING finger domain-containing proteins,
Rad18 and Rad5, function as the ubiquitin ligases for this process (Hoege et al., 2002; Lee
and Myung, 2008; Stelter and Ulrich, 2003; Ulrich, 2009). Rad18 mediates the
monoubiquitination of PCNA, while Rad5 facilitates the further addition of K63-linked
polyubiquitin chains. Despite the clear importance of PCNA ubiquitination in the regulation
of PRR, it is insufficient, by itself, to account for the specificity of PRR pathway choice, as
several TLS polymerases have ubiquitin-interacting motifs (Waters et al., 2009). This
suggests additional specificity factors may be involved.

Genetic and biochemical studies in yeast suggest Rad5 may have additional roles in lesion
bypass that are independent of its ubiquitin-conjugating activity. Rad5 contains a SWI/SNF-
ATPase domain, which is important for its function in PRR (Gangavarapu et al., 2006).
Biochemical studies have also shown that purified Rad5 can act as a helicase, mediating fork
reversal in vitro, and it has been suggested that this activity might help to resolve stalled
forks and promote template switching (Blastyak et al., 2007; Unk et al., 2010). Furthermore,
Rad5 is required for at least one branch of TLS in yeast (Coulon et al., 2010; Pages et al.,
2008). These findings suggest that Rad5 may have multiple roles in PRR, affecting both
damage avoidance and TLS pathways.

In mammalian cells, there is a clear ortholog of Rad18 also involved in PCNA ubiquitination
and PRR (Watanabe et al., 2004). However, two human Rad5-related proteins have been
identified, SNF2 Histone-linker PHD-finger RING-finger Helicase (SHPRH) and Helicase-
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Like Transcription Factor (HLTF). Both HLTF and SHPRH are able to convert
monoubiquitinated PCNA into the polyubiquitinated form in vitro, and they both appear to
affect the polyubiquitination of PCNA in cells (Motegi et al., 2008; Motegi et al., 2006; Unk
et al., 2008; Unk et al., 2006). Furthermore, loss of either HLTF or SHPRH increases the
frequency of chromosome abnormalities observed following DNA damage (Motegi et al.,
2008; Motegi et al., 2006). These findings suggest that both proteins are important for the
maintenance of genomic stability in the presence of damage.

It is generally presumed that, like Rad5 in yeast, HLTF and SHPRH function to mediate
polyubiquitination and damage avoidance. However, the specific functions of these two
proteins in response to DNA damage have not been clearly addressed, and it is not known
whether they may mediate different forms of damage avoidance or whether they might have
other functions. Here, we investigated the roles of SHPRH and HLTF in PRR. Surprisingly,
we found that SHPRH and HLTF act in non-redundant, damage-specific ways to suppress
UV- or MMS-induced mutagenesis. The use of SHPRH versus HLTF appears to be
regulated, at least in part, by a switch between Rad18-HLTF and Rad18-SHPRH complexes
that is induced by DNA damage and the damage-specific degradation of HLTF.
Furthermore, our data suggest SHPRH and HLTF promote error-free forms of PRR by
helping to recruit the most appropriate TLS polymerase to a specific lesion. Thus, our data
indicate that the functions of HLTF and SHPRH are not limited to the damage avoidance
pathway and that they play a more central decision-making role in PRR to prevent
mutagenesis.

RESULTS
Loss of HLTF or SHPRH increases mutagenesis caused by UV or MMS damage

The Rad5-mediated branch of PRR suppresses spontaneous and damage-induced
mutagenesis in yeast (Broomfield et al., 2001; Johnson et al., 1992). To determine whether
HLTF and SHPRH perform a similar function in mammalian cells, we assessed mutation
frequency using a plasmid-based mutation assay that has been used for translesion synthesis
(TLS) polymerases and other PRR proteins (Choi and Pfeifer, 2005; Huang et al., 2006;
Parris and Seidman, 1992). In brief, a plasmid encoding a suppressor tRNA (SupF) was
damaged with UV or MMS and then transfected into 293T cells together with diced siRNA
pools targeted to either HLTF or SHPRH. The replicated plasmid was then isolated and
transformed into an E. coli host containing a lacZ gene with a premature stop codon, and
mutation frequency was assessed using blue-white selection. Diced siRNAs (d-siRNAs)
targeting SHPRH and HLTF both efficiently reduced mRNA and protein levels (Fig 1A and
data not shown) and had no significant effect on spontaneous mutagenesis. Importantly, as
for yeast Rad5, loss of these Rad5-related proteins elevated the mutation frequency induced
by DNA damaging agents (Fig 1B, C), and sequence analysis revealed the expected
mutation spectrum for both UV and MMS (Fig S1F). Surprisingly, knockdown of HLTF
greatly enhanced UV light-induced mutagenesis but had no significant effect on MMS-
induced mutagenesis. Conversely, SHPRH knockdown promoted mutagenesis induced by
MMS treatment, but had no significant effect on UV mutagenesis. Similar results were seen
in HCT116 colon cancer cells, suggesting the effects are not limited to one cell type, and
synthetic siRNAs targeted to HLTF and SHPRH had similar effects in 293T cells (Fig S1).
Moreover, the mutagenic effects of the d-siRNAs could be rescued by ectopic expression of
d-siRNA-resistant Xenopus HLTF and mouse SHPRH (Fig 1D & E, S1). These results
indicate that HLTF and SHPRH play distinct roles in suppressing UV- and MMS-induced
mutagenesis in human cells.
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Damage-specific interactions of Rad18, HLTF and SHPRH
In addition to mediating PCNA ubiquitination, Rad18 also plays a structural role, recruiting
Rad5 and other PRR proteins to stalled forks (Ulrich and Jentsch, 2000; Watanabe et al.,
2004). Consistent with these findings, we and others have found that human Rad18 can
interact with both SHPRH and HLTF. We also observed an interaction between SHPRH and
HLTF, consistent with previous reports (Fig S2 & (Motegi et al., 2008; Motegi et al., 2006;
Unk et al., 2008; Unk et al., 2006)). To test whether DNA damage affects these interactions,
cells were transfected with FLAG-tagged Rad18 (F-Rad18), SHPRH and/or HLTF then
either mock-treated or exposed to MMS or UV irradiation, and interactions with F-Rad18
were analyzed. In response to MMS treatment, but not UV irradiation, the interaction
between SHPRH and F-Rad18 was significantly enhanced (Fig 2A). Similar results were
observed across a range of MMS doses (Fig 2B) and with the endogenous proteins (Fig
S2D). Interestingly, after UV treatment, the interaction between Rad18 and SHPRH
decreased (Fig 2A, C), and the interaction between HLTF and SHPRH modestly increased
(Fig S2). These observations indicate that UV and MMS alter the interactions between
Rad18, SHPRH and HLTF in distinct and damage-specific ways, consistent with the
damage-specific effects of HLTF and SHPRH loss in preventing mutagenesis.

MMS induces HLTF ubiquitination and degradation
In our coimmunoprecipitation assays, HLTF consistently decreased after MMS treatment
(Fig 2B). Therefore, we asked if DNA damage affected the protein levels of endogenous
HLTF and SHPRH. We found significant effects of MMS treatment, but not UV irradiation,
on HLTF levels, but only minor effects of either treatment on SHPRH (Fig 3A and S3). The
effects on HLTF were only observed following treatment with the alkylating agents MMS
and ethyl methanesulfonate (EMS), and not following several other types of genotoxic stress
(Fig S3).

To determine if the effects of MMS on HLTF levels are due to increased protein
degradation, we used cycloheximide to block translation and assessed the stability of HLTF
at various times after DNA damage. We found that HLTF levels decreased more rapidly
following MMS treatment (t½= 1.9 hr) compared to mock treatment (t½= 6 hr) or UV
irradiation (t½= 7.4 hr) indicating that the changes in HLTF are the result of accelerated
protein degradation (Fig 3B & S3). This degradation was blocked by treatment with the
proteosome inhibitors, MG132 or lactacystin (Fig 3C and S3). We also observed a lower
mobility form of HLTF when lactacystin was present, suggesting that HLTF degradation
may involve ubiquitination. To test this idea, we expressed FLAG-tagged SHPRH or HLTF
together with HA-ubiquitin (HA-Ub) and examined the ubiquitination of F-SHPRH and F-
HLTF after UV or MMS treatment. As shown in Figure 3D, HLTF ubiquitination was
induced by MMS, while SHPRH ubiquitination was unaltered. These results indicate that
MMS causes the degradation of HLTF, at least in part through the ubiquitin-proteasome
pathway.

HLTF inhibits the interaction between SHPRH and Rad18
The effects of MMS on HLTF stability and the Rad18-SHPRH interaction could indicate
that HLTF prevents the interaction of SHPRH with Rad18. Consistent with this idea,
formation of the SHPRH-Rad18 complex coincided with the degradation of HLTF in a time
and dose-dependent manner (Fig 4A & 2B). Additionally, increased expression of HLTF
further suppressed the interaction between F-Rad18 and SHPRH in cells (Fig 4B), and
competition for the binding of HLTF and SHPRH to Rad18 was also observed with purified
proteins (Fig S4D). Interestingly, although increasing amounts of HLTF further disrupted
the interaction of SHPRH with Rad18, they did not lead to the formation of additional
HLTF-Rad18 complexes (Fig 4B & S4D). This may indicate that the effect of HLTF on the
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Rad18-SHPRH interaction depends, at least in part, on an interaction between HLTF and
SHPRH that prevents the association of SHPRH with Rad18.

To test whether HLTF degradation is needed to promote the interaction of Rad18 with
SHPRH, we tested the effect of proteasome inhibition on the SHPRH-Rad18 interaction
induced by MMS. MG132 treatment blocked MMS-induced HLTF degradation as well as
the Rad18-SHPRH interaction (Fig 4C), suggesting that HLTF degradation might be
required to promote this interaction. To further test this hypothesis, we sought to identify a
form of HLTF that does not degrade following MMS treatment. Surprisingly, we found that
the MMS-induced degradation of HLTF was dramatically decreased when two conserved
cysteines in the RING domain of HLTF were mutated to serine (HLTF-CS) (Fig 4D). This
mutation is known to affect the ubiquitin ligase activity of RING-domain containing
proteins (Creagh et al., 2004). Interestingly, the MMS-induced ubiquitination of HLTF-CS
also decreased (Fig 4E), suggesting that the ubiquitin ligase activity of HLTF is important
for its ubiquitination and degradation following MMS.

To determine whether HLTF-CS interfered with the ability of MMS to increase the
association of SHPRH with Rad18, we coexpressed either wild-type HLTF or HLTF-CS
with SHPRH and F-Rad18 and monitored the association of SHPRH with F-Rad18. The
increased basal interaction between F-Rad18 and SHPRH observed in the presence of
HLTF-CS is likely due to lower expression of HLTF-CS versus HLTF, consistent with the
observations in Fig 4B. Importantly, expression of HLTF-CS prevented the increased
association of SHPRH with Rad18 following MMS treatment while expression of wild-type
HLTF did not (Fig 4F). These findings strongly suggest that the degradation of HLTF and
its ubiquitin ligase activity is needed for the formation of the SHPRH-Rad18 complex
following MMS treatment.

Because the interactions between HLTF, SHPRH and Rad18 are direct and competitive, we
also asked if loss of HLTF is sufficient to promote formation of the Rad18-SHPRH complex
in the absence of DNA damage. As shown in Fig S4E, knockdown of HLTF had no effect
on the SHPRH-Rad18 interaction in mock-treated cells, indicating that loss of HLTF is not
sufficient to promote the interaction between SHPRH and Rad18. Interestingly, however,
loss of HLTF enhanced the interaction between Rad18 and SHPRH in UV-irradiated cells,
although not to the extent induced by MMS. Taken together, these observations indicate that
the presence of HLTF is sufficient to suppress the interaction of SHPRH with Rad18 under
UV conditions. Following MMS damage, however, HLTF degradation is necessary,
although not sufficient, to promote the Rad18-SHPRH interaction.

An imbalance of HLTF and SHPRH affects UV-induced mutagenesis
The competitive interactions between HLTF and SHPRH for Rad18 and the collective
effects of MMS and UV on the formation of Rad18 complexes indicate that HLTF
suppresses the interaction of Rad18 with SHPRH following UV. Furthermore, they raise the
possibility that HLTF may be necessary to suppress a mutagenic function of SHPRH in UV-
irradiated cells. To test this model, we performed the SupF mutation assay in cells
expressing GFP-HLTF or GFP-SHPRH, reasoning that an increase in SHPRH levels might
increase the rate of UV mutagenesis by preventing the action of HLTF and/or promoting the
action of SHPRH. Consistent with this hypothesis, expression of SHPRH – but not HLTF –
increased the mutation frequency following UV irradiation. There was no effect of
expressing either HLTF or SHPRH on MMS-induced mutagenesis (Fig 5A, S5).

If the elevation in UV-induced mutagenesis in cells lacking HLTF is caused, at least in part,
by the unregulated action of SHPRH, knockdown of SHPRH might suppress the effects of
HLTF loss. Indeed, we found that the mutagenesis frequency was restored to the level of

Lin et al. Page 5

Mol Cell. Author manuscript; available in PMC 2012 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that observed in control cells when both HLTF and SHPRH were knocked down (Fig 5B &
S5). In contrast, knockdown of both proteins had the same effect as SHPRH knockdown in
MMS-treated cells. These observations indicate that the relative amounts of SHPRH and
HLTF may determine the rate of UV-induced mutagenesis and suggest that HLTF
suppresses the mutagenic function of SHPRH under UV conditions.

HLTF promotes PCNA monoubiquitination and UV-induced Polη recruitment
Previous studies have shown that HLTF and SHPRH, like Rad5, mediate the
polyubiquitination of PCNA in vitro and in vivo (Motegi et al., 2008; Motegi et al., 2006;
Unk et al., 2008; Unk et al., 2006). To ask if we could detect any differences in the effect of
HLTF or SHPRH on PCNA ubiquitination, we expressed each protein together with HA-Ub
in 293T cells and directly compared the effect of their expression on PCNA modifications.
Although consistent effects on polyubiquitination were difficult to observe, ectopic
expression of HLTF led to a modification in PCNA consistent with monoubiquitination (Fig
6A). This was also observed upon expression of Rad18, but not following expression of
SHPRH or the HLTF-CS mutant. Because these observations suggest a previously
unappreciated role for a Rad5-related protein in the control of monoubiquitination and,
potentially, the recruitment of TLS polymerases, we sought to confirm that this was indeed
PCNA monoubiquitination. To do so, we isolated ubiquitinated proteins via nickel-NTA-
affinity purification from cells expressing His-Ub and wild-type HLTF, HLTF-CS or an
ATPase mutant of HLTF. Expression of wild-type HLTF and the HLTF-ATPase mutant, but
not HLTF-CS, increased the monoubiquitination of PCNA (Fig 6B). In addition, the levels
of PCNA monoubiquitination were reduced by knockdown of HLTF or Rad18, but not
SHPRH, and there was no greater decrease in monoubiquitination when both SHPRH and
HLTF were knocked down (Fig 6C). These results strongly suggest that HLTF promotes
PCNA monoubiquitination. To assess the role of HLTF in DNA damage-induced PCNA
monoubiquitination, we also analyzed this modification in cells expressing no ectopic
proteins, since expression of His-Ub increased basal PCNA ubiquitination and suppressed
its damage inducibility (data not shown). Importantly, loss of HLTF reduced the
monoubiquitination of PCNA specifically following treatment with UV or aphidicolin. After
MMS treatment there was no effect of HLTF loss, consistent with the absence of HLTF
protein after MMS treatment (Fig 6D). These observations suggest that HLTF, but not
SHPRH, specifically promotes PCNA monoubiquitination. They also raise the possibility
that the different effects of HLTF and SHPRH on PCNA ubiquitination might be related to
their damage-specific effects on mutagenesis.

Because the TLS polymerase Polη can bypass UV lesions in an error-free manner and
because its interaction with PCNA is ubiquitin-dependent (Johnson et al., 1999; Kannouche
et al., 2004; Masutani et al., 1999), we next asked whether HLTF affects the recruitment of
Polη. To do so, we transfected control, SHPRH or HLTF d-siRNAs into Polη-deficient XPV
cells reconstituted with stably expressed GFP-Polη and monitored the localization of GFP-
Polη following UV treatment. We found, as previously reported, that Polη formed triton-
resistant nuclear foci following UV treatment, but that no Polη can be detected in
undamaged cells after extraction (Fig 6E & (Kannouche et al., 2001)). To quantify the effect
of HLTF knockdown, we determined the nuclear intensity of the GFP-Polη signal in
individual cells after triton extraction and staining with antibodies to Polη. Cells were also
stained with antibodies to replication protein A (RPA) as a marker for DNA damage and
ssDNA formation. Following UV damage, the percentage of cells staining positive for both
Polη and RPA increased (Fig 6E–G & S6). However, upon HLTF knockdown, the
percentage of Polη positive cells was significantly reduced compared to that in the control or
SHPRH knockdown, while the number of RPA-positive cells did not change. These
observations indicate that HLTF promotes Polη chromatin binding following UV treatment.

Lin et al. Page 6

Mol Cell. Author manuscript; available in PMC 2012 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Damage-specific functions of Polη and Polκ in mutagenesis and their interaction with
SHPRH

The damage-specific effects of HLTF and SHPRH, as well as the effect of HLTF on Polη,
could indicate that HLTF and SHPRH mediate the functions of specific branches of the TLS
pathway. Polκ has been implicated in the bypass of alkylated bases and abasic sites and can
bypass adducts that mimic damage induced by MMS in a 10-fold more accurate manner
than Polη or Polι (Johnson et al., 2007; Ohashi et al., 2000; Plosky et al., 2008). Mouse cells
deficient in Polκ are also hypersensitive to MMS (Takenaka et al., 2006). Therefore, we
asked if there were damage-specific effects of Polη or Polκ loss in the mutagenesis assay. As
previously observed, knockdown of Polη led to increased UV-induced mutagenesis (Fig 7A,
B & (Choi and Pfeifer, 2005)). Furthermore, knockdown of Polκ but not Polη increased
MMS-induced mutagenesis. These findings suggest that the TLS polymerases Polη and
Polκ, like HLTF and SHPRH, suppress UV and MMS-induced mutagenesis, respectively.

Recently, yeast Rad5 was shown to physically interact with the TLS polymerase Rev1.
Thus, we asked if either Polη or Polκ could interact with either HLTF or SHPRH. Cells were
transfected with YFP-Polη or GFP-Polκ, and F-HLTF, F-SHPRH or F-Rad18, and then
FLAG-tagged and associated proteins were precipitated from cells. Consistent with previous
reports (Bi et al., 2006; Watanabe et al., 2004), we found Polη and Polκ in
immunoprecipitates of F-Rad18. We also found that both Polη and Polκ interacted with
SHPRH but not with HLTF (Fig S7). To test the preference of SHPRH for Polκ vs Polη, as
well as the effect of DNA damage on these interactions, immunoprecipitations were
performed in cells transfected with both YFP-Polη and GFP-Polκ, together with FLAG-
tagged HLTF, SHPRH or Rad18. Importantly, we found that MMS, but not UV, promoted
an interaction between SHPRH and both polymerases, while, again, no interaction of Polκ or
Polη with HLTF was observed. Interestingly, we reproducibly found more Polκ than Polη in
the SHPRH immunoprecipitates both in the presence and absence of DNA damage,
suggesting that Polκ may interact more strongly with SHPRH. Increased interactions were
also observed between these polymerases and Rad18 following MMS treatment (Fig 7C).
These interactions appear to be direct, since GST-Polκ bound affinity-purified F-SHPRH
and F-Rad18 in a pull-down experiment (Fig 7D).

The interaction between SHPRH and Polκ raises the possibility that the mutagenesis
observed upon overexpression of SHPRH (see Fig 5A) results from the increased
recruitment of Polκ to stalled forks. To test this idea, we knocked down Polκ in cells that
overexpressed GFP-SHPRH, then carried out the mutagenesis assay with UV-damaged
plasmid. Knockdown of Polκ prevented the mutagenesis observed upon GFP-SHPRH
expression suggesting that SHPRH may be promoting aberrant Polκ function at stalled forks
(Fig 7E). Taken together, these findings suggest that SHPRH directly interacts with the TLS
polymerase Polκ to suppress MMS-induced mutagenesis.

DISCUSSION
Different types of DNA damage trigger different repair and signaling pathways, and the
same type of DNA damage can even trigger different pathways, depending on the phase of
the cell cycle in which it occurs (Branzei and Foiani, 2008). This type of specialization
allows the cell to balance efficiency with accuracy in repair, but in most cases how such
specialization is accomplished is not known. In this study, we provide evidence that two
structurally similar Rad5-related proteins, SHPRH and HLTF, function in a dynamic
equilibrium that is differentially affected by different types of DNA damage to prevent
mutagenesis and genomic rearrangement.
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Damage-Specific Responses of SHPRH and HLTF
We find that HLTF and SHPRH suppress mutagenesis in a damage-specific manner, with
HLTF acting in response to DNA damage caused by UV treatment and SHPRH acting in
response to damage caused by MMS treatment. It has been shown previously that SHPRH
and HLTF interact both with Rad18 and with each other, and we show here that the
interactions of HLTF and SHPRH with Rad18 are competitive. Our data suggest that
different types of DNA damage promote or suppress the formation of specific Rad18
complexes to direct the damage-specific responses carried out by HLTF and SHPRH. They
also suggest that the function of specific Rad18 complexes with either HLTF or SHPRH
post-damage facilitates recruitment of the TLS polymerase best suited to bypass the lesion
and suppress mutagenesis in a damage-specific manner. Thus, the damage-specific functions
of HLTF and SHPRH are mediated, at least in part, by the TLS arm of the PRR pathway, as
opposed to the damage avoidance arm.

SHPRH in the Suppression of MMS-Induced Mutagenesis
We find that SHPRH plays a critical role in preventing mutagenesis induced by MMS, and
that its function at replication forks may be directed by its interaction with Rad18.
Importantly, the MMS-induced interaction of SHPRH with Rad18 also seems to require the
degradation of HLTF. Indeed, the concentrations of HLTF and Rad18 are higher than that of
SHPRH in undamaged cells (Fig S4), so that degradation of HLTF may be needed to allow
SHPRH to associate with Rad18. Consistent with this model, we show that inhibition of the
proteosome or expression of a non-degradable mutant of HLTF suppresses the association of
SHPRH with Rad18 induced by MMS. Nevertheless, HLTF degradation alone is not
sufficient to cause formation of the Rad18-SHPRH complex which suggests that there might
be other protein factors or post-translational modifications involved. Thus, we propose that
MMS promotes SHPRH-mediated forms of PRR in at least two ways, by enhancing the
interaction between SHPRH and Rad18 and by promoting the degradation of HLTF (Fig
7F). Intriguingly, we find that HLTF is ubiquitinated and degraded following MMS
treatment and that these events are dependent upon its RING domain. These observations
suggest that HLTF degradation involves autoubiquitination and that this process is triggered
by a damage-specific event.

The dynamic interactions of SHPRH following DNA damage also provide insights into the
mechanism by which SHPRH suppresses MMS-induced mutagenesis, as they link SHPRH
to the recruitment of specific TLS polymerases. We find that MMS strongly induces an
interaction of SHPRH with Polη and Polκ, with a preference for Polκ. Interactions of Rad18
with Polη and Polκ are also enhanced by MMS treatment, but in this case we observe a
preference for Polη. The reasons for this difference are not clear, however, the net effect of
these changes may be to alter the balance of TLS polymerases at the fork. Thus, the
recruitment of SHPRH to Rad18 following MMS treatment may help to direct additional
Polκ to the replication fork where it might suppress MMS-induced mutagenesis. Consistent
with this model, we find that knockdown of Polκ increases mutagenesis following MMS
(Fig 7B). Furthermore, previous findings suggest potential roles for Polκ in the response to
MMS (Johnson et al., 2007;Ohashi et al., 2000;Plosky et al., 2008;Takenaka et al., 2006).

HLTF in the Suppression of UV-Induced Mutagenesis
We propose that HLTF suppresses UV-induced mutagenesis in at least two ways (Fig 7F).
One effect of HLTF is to promote PCNA monoubiquitination after UV damage, thereby
facilitating the error-free bypass of UV lesions. Consistent with this idea, knockdown of
HLTF prevented the association of Polη with UV-irradiated chromatin. The second function
for HLTF in suppressing UV-induced mutagenesis involves inhibition of SHPRH. Indeed,
we find that overexpression of SHPRH elevates mutation frequency following UV

Lin et al. Page 8

Mol Cell. Author manuscript; available in PMC 2012 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



irradiation. Furthermore, the UV-induced mutagenesis observed following HLTF loss is
abrogated by knockdown of SHPRH. The observed interaction between SHPRH and Polκ
may contribute to the mutagenic effects of SHPRH overexpression and HLTF loss, since the
bypass of UV lesions by Polκ can be inaccurate (Ohashi et al., 2000;Prakash et al., 2005).
Consistent with this model, loss of Polκ suppresses the mutagenesis observed upon
expression of SHPRH. Interestingly, while we detect no significant effect of UV on HLTF-
Rad18 interactions, we do find that UV suppresses the interaction between SHPRH and
Rad18 via HLTF. Taken together, these findings suggest that negative regulation of Rad18-
SHPRH complexes by HLTF may be important for the suppression of UV-induced
mutagenesis.

Multiple Functions for HLTF and SHPRH
Altogether, our results suggest that SHPRH and HLTF regulate the interplay between
different forms of PRR by directing the most appropriate TLS polymerase to the site of
DNA damage. We suggest that these are unappreciated functions for HLTF and SHPRH that
are likely to act together with other previously reported functions for these proteins, such as
PCNA polyubiquitination. Indeed, a recent study in S. pombe showed that the enzymes
needed for polyubiquitination of PCNA affect TLS (Coulon et al., 2010). Interestingly, Polη
has only one ubiquitin binding domain while Polκ and some of the other TLS polymerases
have two (Bienko et al., 2005). Thus, polyubiquitination of PCNA could allow for more
efficient recruitment of Polκ and other polymerases with multiple ubiquitin binding domains
to PCNA, whereas the monoubiquitination enforced by HLTF would favor the recruitment
of Polη. These results, viewed in light of previous work suggesting roles for HLTF in fork
reversal (Blastyak et al., 2010), indicate HLTF and SHPRH may have multiple functions in
suppressing mutagenesis. Some of these functions may be overlapping (e.g. PCNA
polyubiquitination and possibly fork reversal), whereas others, such as TLS recruitment and
lesion bypass, may be non-redundant, damage-specific functions.

The Roles of HLTF and SHPRH in Maintaining Genome Stability
Loss of either SHPRH or HLTF under their damage-specific conditions leads to large
genomic rearrangements and increased levels of point mutations (data not shown).
Moreover, loss of either protein leads to increased GCRs in MEFs (Motegi et al., 2008;
Motegi et al., 2006). Although these observations strongly suggest SHPRH and HLTF are
needed to maintain genome stability, they also raise the question of how such complex
mutations arise from defects in PRR pathways. In this context, we suggest it may be more
appropriate to think of HLTF and SHPRH as playing critical roles in continued fork
progression. The lack of HLTF- or SHPRH-mediated PRR could lead to slow progression of
replication forks, causing prolonged stalling, fork collapse and GCRs. Indeed, by tracking
replication forks on individual chromosomal fibers, it was shown that HLTF loss leads to
increased numbers of stalled forks (Blastyak et al., 2010). Although loss of HLTF did not
seem to affect MMS-induced mutagenesis in our assay, the effects of HLTF loss on
replication forks and on GCRs were observed following MMS treatment (Blastyak et al.,
2010; Motegi et al., 2008). This apparent discrepancy in damage specificity may result from
a role for HLTF in preventing fork collapse by promoting efficient, though not necessarily
accurate, bypass of MMS lesions. We hypothesize that both HLTF- and SHPRH-mediated
pathways are initially used by the cell to promote efficient bypass. However, in order to
achieve more accurate bypass in response to certain lesions, cells may have developed an
additional regulatory mechanism to fine-tune this response. The degradation of HLTF
following MMS treatment could help to channel MMS lesions through the more accurate
SHPRH-mediated bypass. Thus, the presence of two Rad5-related genes in mammalian cells
could ultimately allow the cell to optimize the accuracy and efficiency of its response to
different types of lesions.
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In summary, our results indicate that the balance between SHPRH and HLTF is critical to
the outcome of PRR. They also suggest that deregulating the mechanisms governing the
formation of Rad18-HLTF and Rad18-SHPRH complexes could drive mutagenesis and
genome instability. Consistent with this idea, HLTF is frequently silenced in several types of
cancer and changes in SHPRH have been observed as well (Unk et al., 2010). Further
studies will be needed to better define the roles of HLTF and SHPRH and to determine how
their different functions and domains specifically contribute to the maintenance of genome
stability. Nevertheless, our work clearly shows these proteins are regulated in a damage-
specific manner, functioning both in the TLS and damage avoidance arms of the PRR
response to suppress mutagenesis and maintain genome stability.

EXPERIMENTAL PROCEDURES
Antibodies, Plasmids, DNA Damage and Cell Culture

293T cells were used in all experiments unless indicated. GFP-Polκ and YFP-Polη plasmids
were provided by Dr. Vaziri (Bi et al., 2006), and the XPV-complemented cells were
provided by Dr. Lehmann (Kannouche et al., 2001). Cells were damaged for 4 hr with 0.5
mM MMS (0.005%) or 50 J/m2 UV-C unless indicated. Sources for antibodies, reagents and
cell lines and detailed descriptions of other cDNAs used are provided in the Supplemental
Methods.

siRNA and Transfection
Diced siRNAs for human SHPRH and HLTF were generated as described using the primers
provided in the Supplemental Data (Myers et al., 2003). Synthetic siRNA pools against
SHPRH (MU-006167), HLTF (MU-006448), Polκ (MU-021038), Polη (MU-006454) and
Rad18 (MU-004591) were purchased from Thermo Scientific. siRNA transfection was
performed using Lipofectamine 2000 (Invitrogen) and the vendor’s protocol. Calcium
phosphate was used for plasmid transfection.

Mutagenesis Assay
The protocol and reagents used for the SupF assay have been described (Parris and Seidman,
1992). Briefly, the reporter plasmid was damaged and purified then co-transfected with d-
siRNAs or DNA as indicated. Replicated plasmid was retrieved and analyzed 48h later.
Details are provided in the Supplemental Methods.

GST Pull-Downs, Immunoprecipitations and Protein Purification
FLAG-tagged proteins were isolated with M2 agarose beads. Extraction condition A: Cells
were lysed in 600 mM NaCl/Hepes-Triton buffer (50 mM Hepes pH 7.5, 1 mM EDTA,
0.75% Triton X-100, 8% Glycerol, 1 mM DTT, 1 mM PMSF), diluted to 150 mM NaCl,
then sonicated and clarified by centrifugation. Condition B: Cells were lysed in Hepes-
Triton buffer (100mM NaCl) and clarified by centrifugation. Detailed conditions for cell
lysis, protein purification and coimmunoprecipitations are described in the Supplemental
Methods.

Immunofluorescence and Image Analysis
XPV-GFP cells were stained with Polη and RPA32 antibodies after pre-extraction in 0.5%
Triton-X100. Cells were analyzed on a Zeiss Axioskope and 10x captured images were
analyzed by ImageJ (NIH Image). Details on staining and fixation as well as image analysis
are available in the Supplemental Methods. Overall 100 cells per experiment were counted
and three independent results are pooled to calculated mean and SEM.
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Statistical Analysis
Statistical analyses represent the mean of at least three independent experiments. Error bar
represents standard error of mean (SEM). P-values were calculated using a two-tailed
Student’s t test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of HLTF and SHPRH Leads to Increased Mutagenesis
(A) Cells transfected with the indicated d-siRNAs were harvested after 48 hr, and protein
levels were assessed by western blotting. (B&C) The mutation frequency was assessed 48 hr
after cotransfection of cells with mock-treated, UV-irradiated or MMS-treated plasmid
(pSP189) and the indicated d-siRNAs. (D&E) Rescue of HLTF and SHPRH knockdown.
Mutation frequency was assessed as in B with the UV- (D) or MMS-treated plasmid (E)
except that d-siRNA-resistant Xenopus HLTF, mouse SHPRH or empty vector was
coexpressed as indicated. In all cases, data represent average +/− SEM (shown as error bar)
from at least three independent experiments. See also Figure S1.
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Figure 2. Damage-Specific Interactions between SHPRH, HLTF and Rad18
(A) MMS promotes the interaction of Rad18 and SHPRH. Cells expressing F-Rad18 and
untagged HLTF or SHPRH were treated with MMS or UV. After 4hr, cells were lysed in a
high salt/chromatin-extraction buffer (Condition A), then F-Rad18 and associated proteins
were precipitated and analyzed by western blot. (B&C) UV and MMS dose effects on the
Rad18-SHPRH interaction. Cells expressing F-Rad18 and SHPRH were treated with MMS
(0, 0.1, 0.2, 0.3, 0.4 and 0.5 mM) or UV (0, 10, 20, 30, 40, 50 J/m2) and processed as in A.
See also Figure S2.

Lin et al. Page 15

Mol Cell. Author manuscript; available in PMC 2012 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. MMS Induces HLTF Degradation through the Ubiquitin-Proteasome Pathway
(A) HLTF protein levels are selectively reduced by MMS treatment. Cells were treated with
UV (0, 25, 50, 100, 200, 400 J/m2) or MMS as in Fig 2. After 4 hr total cellular protein was
isolated and samples were analyzed by western blotting. Protein levels were quantified and
normalized to HSP90. (B) MMS enhances HLTF protein degradation. Cells mock-treated or
treated with UV or MMS together with cycloheximide (CHX, 100 μM) were collected and
analyzed as in (A) using tubulin as a control for protein quantification. (C) MMS-induced
HLTF degradation is proteasome-dependent. Mock or MMS-damaged cells were treated
with MG132 then analyzed as in A. (D) MMS increases HLTF ubiquitination. Cells
transfected with F-SHPRH or F-HLTF with or without HA-Ub were mock-, UV- or MMS-
treated. FLAG-tagged proteins were precipitated after 4 hr and blotted with α-HA
antibodies. The same membranes were stained with coomassie blue. See also Figure S3.
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Figure 4. HLTF Inhibits the Rad18-SHPRH Interaction
(A) Relationship between HLTF degradation and Rad18-SHPRH association following
MMS treatment. Cells expressing SHPRH and F-Rad18 were treated with MMS, lysed using
Hepes-Triton/100mM NaCl buffer (Condition B) and processed as in Fig 2A. (B) HLTF
prevents the interaction of Rad18 and SHPRH. Cells expressing F-Rad18 and SHPRH were
co-transfected with increasing amounts of the HLTF construct (0, 0.5, 1, 1.5, 2, 2.5 μg) and
the interaction between F-Rad18 and SHPRH was assessed as in Fig 2B. (C) Proteosome
inhibition suppresses the Rad18-SHPRH interaction. Cells expressing F-SHPRH and Rad18
were treated with MG132 (50 μM) and analyzed as in Fig 2B. (D) HLTF-CS mutant is
resistant to MMS-induced degradation. F-HLTF or F-HLTF-CS was expressed and samples
were analyzed as in Fig 3A. (E) HLTF-CS is not ubiquitinated after MMS treatment. Cells
transfected with empty vector, F-HLTF or F-HLTF-CS and HA-Ub were analyzed as in Fig
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3D. (F) Expression of HLTF-CS inhibits the interaction between SHPRH and Rad18
induced by MMS treatment. Cells were transfected with HLTF or HLTF-CS together with
F-Rad18 and SHPRH then analyzed as in Fig 2A. See also Figure S4.
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Figure 5. HLTF Suppresses SHPRH-mediated Mutagenic Bypass of UV-damaged DNA
(A) Overexpression of SHPRH elevates UV-induced mutagenesis. Mutation frequency was
assessed as in Fig 1B with cells expressing GFP, GFP-SHPRH or GFP-HLTF. (B)
Knockdown of SHPRH rescues the UV-mutagenesis induced by knockdown of HLTF. UV
(left) or MMS (right) induced mutation frequency was assessed as in Fig 1B using cells
transfected with the indicated d-siRNAs. Data represent average +/− SEM (shown as error
bar) from three independent experiments. See also Figure S5.
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Figure 6. HLTF Regulates PCNA Monoubiquitination and UV-induced Polη Recruitment
(A) Ectopic expression of HLTF promotes PCNA monoubiquitination. The indicated
proteins were co-expressed with HA-Ub, and after 48 hr cells were lysed and PCNA
ubiquitination was assessed by western blotting. (B) HLTF ligase activity is required to
promote PCNA monoubiquitination. Cells were transfected with F-HLTF, F-HLTF-CS and
an HLTF ATPase mutant (F-HLTF-mATPase) as well as His-Ub. Ubiquitinated proteins
were isolated with Ni-NTA resin and PCNA ubiquitination was assessed by western blotting
with α-PCNA antibody. (C) Loss of HLTF reduces PCNA monoubiquitination. The
indicated d-siRNAs were transfected together with His-Ub and cells were processed as
described in (B). (D) HLTF knockdown reduces PCNA monoubiquitination following DNA
damage. d-siRNA-transfected cells were mock treated or treated with aphidicolin (10 μM),
UV (100 J/m2) or MMS (0.5 mM). After 4 hr, lysates were analyzed by western blotting.
(E–G) Effect of SHPRH and HLTF knockdown on Polη foci formation. XPV cells stably
expressing GFP-tagged Polη were transfected with the indicated d-siRNAs, damaged with
UV (40 J/m2) after 48 hr then fixed and stained 4h later with anti-Polη and anti-RPA32
antibodies as well as Hoechst (E). The nuclear intensity of GFP-Polη (F) and RPA32 (G)
staining in cells was measured and the percentage of positive cells was determined. Data
represent average +/− SEM (shown as error bar) from three independent experiments. See
also Figure S6.
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Figure 7. Polκ and Polη Functions in Mutagenesis and Their Damage-specific Interactions with
SHPRH
(A) Effect of control, Polη or Polκ siRNAs on Polη or Polκ protein levels as assessed by
western blotting. (B) Knockdown of Polη or Polκ enhances UV- or MMS-induced
mutagenesis. Mutation frequency was assessed as in Fig 1B. (C) MMS effects on the
interaction of Rad18 and SHPRH with Polη and Polκ. The indicated vectors were
coexpressed with GFP-Polκ or YFP-Polη and coimmunoprecipitation was performed 4 hr
after the indicated treatment as in Fig 2A. (D) Direct interaction between xPolκ and SHPRH.
Beads bound to GST, GST-Rad18 or GST-xPolκ were incubated with purified F-Rad18 or
F-SHPRH. Bound proteins were resolved by SDS-PAGE and analyzed by western blotting.
(E) Polκ is required for SHPRH-mediated mutagenic bypass of UV-damaged DNA. Cells
expressing GFP or GFP-SHPRH were co-transfected with the indicated siRNA. The
mutation frequency of these cells was assessed as described in Fig 1B. In B and E, the data
represent average +/− SEM (shown as error bar) from three independent experiments. (F)
Model for the damage-specific roles of SHPRH and HLTF in promoting error-free bypass of
UV and MMS-induced lesions. (i) In the absence of damage, both Rad18-HLTF and Rad18-
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SHPRH complexes are present. (ii) MMS induces the proteosome-dependent degradation of
HLTF. This degradation, together with another unknown factor (represented as X) also
induced by MMS, promotes the formation of SHPRH-Rad18 complexes and SHPRH-Polκ
complexes to suppress mutagenesis. (iii) HLTF promotes error-free bypass following UV by
promoting PCNA monoubiquitination and Polη recruitment as well as by suppressing
SHPRH function and its interaction with Rad18. See also Figure S7.
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