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SUMMARY

Efficient repair of UV-induced DNA damage requires
the precise coordination of nucleotide excision repair
(NER) with numerous other biological processes.
To map this crosstalk, we generated a differential
genetic interaction map centered on quantitative
growth measurements of >45,000 double mutants
before and after different doses of UV radiation. Inte-
gration of genetic data with physical interaction
networks identified a global map of 89 UV-induced
functional interactions among 62 protein complexes,
including a number of links between the RSC com-
plex and several NER factors. We show that RSC is
recruited to both silenced and transcribed loci
following UV damage where it facilitates efficient
repair by promoting nucleosome remodeling. Finally,
a comparison of the response to high versus low
levels of UV shows that the degree of genetic rewiring
correlates with dose of UV and reveals a network of
dose-specific interactions. This study makes avail-
able a large resource of UV-induced interactions,
and it illustrates a methodology for identifying
dose-dependent interactions based on quantitative
shifts in genetic networks.
INTRODUCTION

Helix-distorting DNA lesions, such as those caused by exposure

to UV radiation, are sensed and repaired by the nucleotide

excision repair (NER) pathway (Prakash and Prakash, 2000).

Following damage recognition, the lesion is excised, the result-

ing gap is filled in by a DNA polymerase, and finally the remaining
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nick is sealed by a DNA ligase (Prakash and Prakash, 2000). The

NER machinery, however, does not work in isolation. Increasing

evidence points to the precise coordination of NER with several

other biological processes, such as the cell-cycle checkpoint

(Sertic et al., 2012) and chromatin remodeling (Gong et al.,

2006; Luijsterburg et al., 2012; Sarkar et al., 2010; Yu et al.,

2005). Thus, a critical next step in defining the UV damage

response will require an understanding of how distinct cellular

processes cooperate with NER to promote the efficient repair

of UV-induced lesions.

Large-scale screens for genetic interactions, facilitated by

high-throughput techniques, such as synthetic genetic arrays

(SGA) or diploid synthetic lethal analysis by microarray, have

been used with great success to rapidly map functional syn-

ergies among most genes in the yeast genome (Costanzo

et al., 2010; Pan et al., 2007; Schuldiner et al., 2005, 2006). How-

ever, it has become increasingly clear that many gene functional

relationships are condition-dependent (St Onge et al., 2007) and

identifying genetic networks that are essential to responding to

an external stimulus will require a differential methodology. To

this end, we have recently developed an interaction-mapping

technique termed differential epistasis mapping (Bandyopad-

hyay et al., 2010) which enables the detection of quantitative

changes in genetic interaction following an environmental

change. Such differential genetic interactions have been shown

to specifically highlight functional connections relevant to stress

conditions with both high power and sensitivity (Guénolé et al.,

2013).

Toward the goal of defining the crosstalk between NER and

other cellular processes following UV irradiation, we constructed

a large differential epistasis network by measuring changes

in genetic interactions in response to two doses of UV. The

genetic data reveal a link between the NER machinery and the

remodel the structure of chromatin (RSC) chromatin-remodeling

complex. We find that, unlike chromatin-remodeling complexes

previously implicated in NER (Gong et al., 2006; Sarkar et al.,
hors
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2010), RSC is recruited to sites of UV-induced lesions in both

silenced and transcribed loci, where it helps to promote efficient

repair. Finally, we leverage measurements made across multiple

doses of UV to pinpoint a network of 79 dose-specific interac-

tions, which, strikingly, are observed only at low or high doses,

but not both. This study makes available a large resource of

UV-induced differential interactions, which we expect will prove

indispensable for modeling the response to UV at the level of

single genes, protein complexes, and global processes.

RESULTS

A UV-Based Differential Genetic Interaction Map
To map the functional connections between genes and path-

ways that underlie the response to UV-induced DNA damage,

we measured changes in genetic interactions between a set of

37 query genes (Table S1) and 1,397 array genes (Table S2).

Query genes were chosen to represent a majority of the core

NER factors and many known chromatin-remodeling com-

plexes, whereas array genes were drawn from numerous func-

tional categories. Using SGA technology (Tong and Boone,

2006), >45,000 double mutant combinations were generated

and growth rates were measured in untreated (UT) conditions

as well as in response to two doses of UV radiation: a ‘‘low’’

dose of 20 J/m2 and a ‘‘high’’ dose of 80 J/m2 (Experimental Pro-

cedures; Figure 1A).

Measurements were first analyzed to assign each double

mutant a ‘‘static’’ interaction score in each condition separately

(SUT, SLow, and SHigh) which reflects the extent to which the

double mutant either grew better (S > 0; positive interaction or

epistasis) or worse than expected (S < 0; negative interaction

or synthetic sick). To assess shifts in interaction following

UV irradiation, the difference in static scores between treated

and untreated conditions (SLow � SUT and SHigh � SUT) was

computed for each gene pair and then assigned a p value

(PHigh � UT, PLow � UT) using a null distribution of differences

observed when comparing replicate measurements made in

the same condition (Experimental Procedures). Using pre-

viously established static (S R 2.0 or S % �2.5; Experimental

Procedures) or differential interaction thresholds (PHigh � UT,

PLow � UT % 0.001; false discovery rate [FDR] z 7%; see Fig-

ure S1A), we thus obtained three static genetic networks and

two differential genetic networks (Figure 1A; Table S3 for raw

data). Quality control metrics were monitored through this

process, ensuring the high quality of these data sets (Figures

S1B–S1D).

All three static networks were enriched for interactions in-

volving genes that function in chromatin organization, as has

been noted previously for other genetic interaction data (Ban-

dyopadhyay et al., 2010; Guénolé et al., 2013). In contrast, the

two differential networks exhibited no such enrichment (Fig-

ure 1B), as strong signals present in both conditions are effec-

tively ‘‘cancelled out’’ in the differential mode of analysis (Ideker

and Krogan, 2012). Instead, the two differential networks were

highly enriched for interactions involving genes functioning spe-

cifically in the NER pathway (Figure 1B). In addition, we found

that the number of differential interactions per gene (Figures

1C and S1E), as well as the extent to which a gene’s static inter-
Cell Re
action profile was disrupted by UV treatment, is correlated with

the UV sensitivity of the corresponding gene deletion strain (Fig-

ures 1D and S1F). The static and differential networks thus

provide complementary maps of cellular organization, with the

differential networks highlighting genes most relevant to the UV

damage response.

Differential Genetic Data Link the RSC Complex to NER
To identify genes and pathways operating in the UV damage

response, we integrated all of our genetic data with existing pro-

tein-protein interaction data to construct a global map of gene

modules and their UV-induced differential interactions. Past

work has indicated that sets of genes enriched for static genetic

and physical interactions (i.e., modules) often encode for com-

ponents of the same pathway or complex (Bandyopadhyay

et al., 2008; Srivas et al., 2011). On the other hand, differential

genetic interactions tend to occur between genes belonging to

distinct complexes and represent UV-induced crosstalk or syn-

ergy between the two complexes (Bandyopadhyay et al., 2010).

Using a previously described workflow (Srivas et al., 2011),

we organized our data into a set of 89 functional interactions

among 62 modules (Figure 2A; Tables S4 and S5; Experimental

Procedures).

Detailed inspection of this module map both recapitulates

current understanding and suggests many hypotheses. For

example, we observed a link between Rad6p/Rad18p and the

translesion synthesis polymerase Polz. This is consistent with

past work which has shown that monoubiquitination of prolifer-

ating cell nuclear antigen by the Rad6p-Rad18p dimer leads to

the direct activation of Polz-dependent bypass of DNA lesions

through translesion synthesis (Prakash et al., 2005). We also

observed crosstalk between the single-stranded DNA endonu-

clease Rad1p-Rad10p and the mismatch repair proteins

Msh2p/Msh3p/Msh6p; several studies have implicated a joint

role for these complexes in ensuring genetic fidelity during

mitotic recombination (Saparbaev et al., 1996; Sugawara et al.,

1997).

Our map also revealed a significant number of complexes

involved in chromatin organization (p = 0.031, Fisher’s exact

test; Figure 2A). This observation was not expected given the

lack of enrichment for interactions with genes annotated to this

function in the differential networks (Figure 1B), thus suggesting

a NER-specific role for these complexes. For example, the

INO80 chromatin-remodeling complex was found to interact

with the Rad1p-Rad10p dimer, which is consistent with a recent

finding that INO80 is required for efficient repair of UV-induced

lesions at a heterochromatic locus (Sarkar et al., 2010). Another

chromatin-remodeling complex that was featured prominently in

our mapwith links to two different NERmodules (Rad4p/Rad23p

and Rad1p/Rad10p) was RSC. RSC is a highly conserved

chromatin-remodeling complex with DNA-dependent adenosine

triphosphatase activity (Cairns et al., 1996) but as of yet has no

known role in the UV damage response. We observed multiple

interactions between components of the RSC complex (Rsc1p,

Rsc3p, Rsc58p, and Arp7p) and several NER factors, including

Rad1p andRad4p (Figure 2B) as well asmoremoderate differen-

tial positive interactions between RSC3 and RAD14/RAD16 (p =

0.01). Moreover, we found that deletion of nonessential genes
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Figure 1. A UV-Induced Differential Genetic Network

(A) Outline of the genetic interaction screen. The functional categories represented by the array genes are shown in the pie chart (misc, miscellaneous; DDR, DNA

damage response; protein deg., protein degradation; PTM, posttranslational modifications). See Table S2 for more details.

(B) The significance of enrichment for interactions with genes annotated to nucleotide excision repair (NER) or chromatin organization (see Table S7 for process

definitions) is shown for each network. Enrichment p values were calculated as previously described (Bandyopadhyay et al., 2010).

(C) Each gene considered in this study is binned according to its UV-induced single-mutant sensitivity (Begley et al., 2004) and the distribution of the number of

high-dose differential interactions for all genes in a bin (number of significant differential interactions/number of tested differential interactions) is summarized as a

box-and-whisker plot. Significance is assessed using a Mann-Whitney U test.

(D) For each query gene, the Pearson’s correlation between its high-dose static interaction profile and static untreated profile (‘‘autocorrelation’’) is plotted against

the gene’s UV-induced single-mutant sensitivity (Begley et al., 2004). The high-dose and untreated static profiles are shown for two query genes: RAD1 and

VPS72. See also Figure S1.
encoding RSC subunits (RSC2 andHTL1, but not RSC1; Figures

2C, S2A, and S2B) as well as depletion of RSC subunits encoded

by essential genes (RSC3, RSC8, and STH1; Figures 2D and

S2A) led to increased UV sensitivity. Together, these observa-

tions support the hypothesis that RSC is required during the

UV damage response.

Rsc2 Is Required for NER at Both Transcribed and
Silenced Loci
The UV sensitivity of RSC-deficient strains could be caused by a

checkpoint or NER defect. To distinguish between these possi-
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bilities, we first examined checkpoint activation in wild-type

(WT) and rsc2D cells following exposure to UV. Analysis of the

phosphorylation levels of Rad53 (a central effector of the check-

point response) revealed efficient checkpoint activation, with

Rad53 becoming phosphorylated within 30 min after UV expo-

sure and remaining phosphorylated for at least 3 hr in both WT

and rsc2D cells (Figure S2C). Furthermore, fluorescence-acti-

vated cell sorting (FACS) analysis revealed no major differences

in the cell-cycle profile between WT and rsc2D following UV

exposure (Figure S2C), indicating normal checkpoint activation

following UV irradiation in rsc2D cells. A similar phenotype has
hors



Figure 2. Differential Genetic Data Links RSC to NER
(A) Amap ofmultigenic modules spanned by bundles of UV-induced differential interactions. Node size scales with the number of genes in eachmodule, whereas

the node color indicates its function (see Table S7 for a list of process definitions). Modules that overlap with known protein complexes have been labeled

accordingly; otherwise, a generic name has been provided. For the sake of clarity, only a portion of the module map has been shown here. See Table S5 for the

complete list of module-module interactions.

(B) Differential genetic interactions (PLow � UT or PHigh � UT % 0.03) seen between chromatin remodelers and components of the NER pathway (see Table S7 for a

list of process definitions).

(C and D) Survival curves for mutants in (C) nonessential or (D) essential genes encoding subunits of RSC following exposure to UV radiation across multiple

doses. Survival curves were generated through quantification of the spot dilution assay in Figure S2A and one additional replicate (data not shown). Fitness was

calculated by counting the number of colonies present in the most dilute spot containing individual colonies and then dividing the count in UV-treated conditions

by the count in untreated conditions. All data represent the mean ± one SEM of two independent replicates. See also Figures S2 and S3.
been noted in rsc2D mutants following exposure to the DNA

alkylating agent, methyl methanesulfonate (Chambers et al.,

2012).

To monitor the efficiency of NER in WT and rsc2D cells, we

used a sensitive quantitative PCR (qPCR)-based assay (Experi-

mental Procedures) tomeasure the rate of repair within the highly

transcribed MATa locus and the nontranscribed HMLa locus. At

both loci, UV lesions were rapidly repaired in WT cells (�80%

lesions removed by 3 hr; Figures 3A and 3B), whereas the rate

of repair in the NER-deficient rad14D mutants (Guzder et al.,
Cell Re
1993) was significantly reduced (PMATa = 1.13 10�5 and PHMLa =

1.8 3 10�9; F test). The rsc2D cells, whereas not as deficient in

repair as rad14D cells (PMATa = 0.024 and PHMLa = 0.013;

F test), had nearly twice as many lesions present as WT at

both loci 3 hr after UV exposure, indicating that RSC contributes

to an efficient NER response. Importantly, both WT and rsc2D

cells were found to accumulate equivalent amounts of UV-

induced lesions, suggesting that the difference in repair rates

is not due to differences in DNA damage susceptibility in these

cells (Figure S2D).
ports 5, 1714–1724, December 26, 2013 ª2013 The Authors 1717



Figure 3. RSC Is Required for Efficient TCR-

and GGR-NER

(A and B) Rate of photoproduct removal at the

(A) MATa and (B) HMLa loci measured in G1-

synchronized cells using a sensitive qPCR-based

assay (Experimental Procedures).

(C and D) Rate of photoproduct removal on the (C)

transcribed and (D) nontranscribed strands of the

RPB2 locus measured in G1-synchronized cells

using a strand-specific repair assay (Experimental

Procedures). All data represent the mean ± one

SEM of at least three independent replicates.
NER is composed of two distinct pathways, global genome

repair (GGR) and transcription-coupled repair (TCR), which re-

move, respectively, lesions throughout the entire genome or on

the transcribed strand of expressed loci only (Prakash and

Prakash, 2000). Whereas both the INO80 and switch/sucrose

nonfermentable (SWI/SNF) complexes have been implicated in

NER previously, neither was found to have a role in promoting

efficient TCR (Gong et al., 2006; Sarkar et al., 2010). Strikingly,

deletion of RSC2 or STH1 (catalytic core of the RSC complex)

in combination with either RAD26 (encoding a component of

TCR) or RAD16 (encoding a component of GGR) revealed a

UV-dependent synthetic sick relationship (Figures S3A–S3G).

We also observed a differential negative interaction between

RSC2 and RAD14 (encoding a component of both GGR and

TCR; Figures S3A and S3D). Together with our finding that

RSC mediates efficient repair in a variety of genomic contexts

(Figures 3A and 3B), these data suggest that RSC may affect

both pathways of NER.

To assess RSC’s role in both GGR and TCR, we employed an

assay in which wemeasured the rate of photoproduct removal at

the nontranscribed and transcribed strands of the RPB2 locus

(Experimental Procedures). Critically, all experiments were per-

formed in G1-arrested cells in which lesion removal is dependent

solely on NER (Gong et al., 2006, 2008; Sarkar et al., 2010; Smer-

don and Lieberman, 1978) and any effect of DNA replication or

replication fork stalling/collapse due to photoproduct induction

can be ruled out. As expected, in rad26D and rad16D cells in
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which, respectively, TCR (Aboussekhra

and Al-Sharif, 2005) and GGR (Verhage

et al., 1994) are completely abrogated,

we observed virtually no repair over the

duration of the experiment, neither at

the transcribed (Figure 3C) nor nontran-

scribed strands (Figure 3D). In rsc2D

cells, repair at both strands was compro-

mised compared to wild-type, but not

completely abolished, with, respectively,

�1.8 and�1.5 timesmore photoproducts

present at 3 hr after UV irradiation. This

suggests that RSC is required, but not

essential, for GG- and TC-NER. Finally,

the rsc2Drad16D and rsc2Drad26D dou-

ble mutants displayed a reduction in the

rate of repair similar to that of the corre-
sponding NER-deficient single mutants suggesting a potential

epistatic effect and providing further evidence for a role for

RSC in both NER pathways. Importantly, the reduced rate of

repair seen at the transcribed strand of RPB2 in rsc2D cells was

not due to transcriptional misregulation, as the expression level

of RPB2 was comparable in WT and rsc2D cells (Figure S3H).

RSC Is Recruited to Sites of UV Lesions via Rad4 and
Promotes Nucleosome Remodeling
We considered that RSC might affect NER indirectly by regu-

lating the expression of one or more NER factors or by acting

directly at sites of UV lesions. To test the former hypothesis,

we obtained previously published gene expression data gener-

ated in RSC mutants in nominal conditions (Lenstra et al.,

2011). Analysis of these data found no changes in the expression

of NER factors, whereas only nine genes annotated to the

broader DNA damage response appeared to be differentially ex-

pressed in a RSC mutant compared to wild-type (Figure S4A).

However, none of these nine genes were found previously to

be differentially expressed following exposure to UV (Wade

et al., 2009). Finally, we randomly selected 11 core NER genes

and measured their expression levels via qPCR in both wild-

type and rsc2D cells following UV exposure (Experimental

Procedures). None of these genes’ changes in UV-induced

expression were found to be dependent on Rsc2 (Figure S4B).

Together, this suggests that Rsc2 does not affect NER indirectly

through transcriptional regulation of NER factors.



Figure 4. RSC Promotes Proper Nucleosome Remodeling following

UV-Induced Damage
(A and B) Analysis of Rsc2-Myc recruitment to either (A) MATa or (B) HMLa

following exposure to UV radiation.

(C) Analysis of histone H3 occupancy at the HMLa locus following UV expo-

sure in G1-synchronized cells. All data represent the mean ± one SEM of at

least three independent replicates. See also Figure S4.
We next asked if RSC might be acting directly at UV lesions.

Using amodified chromatin immunoprecipitation (ChIP) protocol

that allows the analysis of protein occupancy in the presence of

UV photoproducts (Experimental Procedures; Sarkar et al.,

2010), we monitored Rsc2-Myc recruitment to MATa and

HMLa following UV irradiation (Figures 4A and 4B). In wild-type

cells, Rsc2-Myc accumulates at both loci almost immediately

after irradiation, reaches maximal occupancy at 30 min postirra-

diation, and then decreases during the remainder of the experi-
Cell Re
ment. Rsc2 recruitment was UV damage-dependent as we

observed little enrichment of Rsc2-Myc at either locus in un-

treated conditions (Figure S4C). Finally, we also observed strong

recruitment of Sth1-Myc to both loci in a UV-dependent fashion,

providing further evidence for the recruitment of the RSC com-

plex to damaged chromatin (Figure S4D).

Rad4 is a core NER factor responsible for the initial damage

recognition step and subsequent recruitment of other NER fac-

tors (Jansen et al., 1998). Previous work has shown an important

role for Rad4 in mediating the recruitment of chromatin remodel-

ers to sites of UV-induced lesions (Gong et al., 2006; Sarkar

et al., 2010). Thus, we asked whether Rad4 may play a similar

role in targeting RSC to damaged chromatin. Using our modified

ChIP assay, we observed that Rad4-Myc was recruited to both

loci in a UV-dependent manner (Figure S4D), indicating that

both Rad4 and RSC are present at the same sites of UV damage.

Moreover, deletion of RAD4 completely abrogated Rsc2-Myc

accumulation at both loci (Figures 4A and 4B). Together, these

results suggest that Rad4 is required for the recruitment of

RSC to sites of UV damage.

RSC possesses the capability to perturb nucleosome struc-

tures (Cairns et al., 1996, 1999; Saha et al., 2002), suggesting

that it may affect nucleosome remodeling dynamics at UV

lesions to promote NER. To test this hypothesis, we monitored

levels of histone H3 at the HMLa locus following UV treatment.

In the WT strain, we observed a rapid loss of histone H3 within

the first 30 min, followed by a gradual restoration over the next

3 hr (Figure 4C). These results are consistent with the rates of

repair seen earlier (Figure 3), in which the majority of repair oc-

curs within the first hour and is completed within 3 hr. In rsc2D

mutants, we observed a delay in both the initial loss of H3 around

UV lesions, as well as restoration of H3 occupancy at later time

points (Figure 4C). As there was minimal difference in histone

H3 levels between WT and rsc2D in untreated conditions, these

results suggest that RSC promotes proper nucleosome remod-

eling at sites of UV lesions (Figure S4E).

Comparing Network Rewiring across Low and High
Levels of UV
As this study measures genetic interactions in response to vary-

ing doses of the same agent, we next compared the effect of low

versus high UV dose on the genetic network. We found that both

UV-induced differential genetic networks had significant similar-

ity, especially in comparison to networks measured under geno-

toxic agents other than UV (Figures 5A and S5A). On the other

hand, the high dose induced nearly twice the number of genetic

interaction changes than the low dose (1,112 versus 580; Fig-

ure 5A). This observation was clear through analysis of either dif-

ferential (Figure 5A) or static networks (Figure S5B) and was

robust to the choice of threshold used to define significant inter-

actions (Figures S5C and S5D). Thus, whereas both UV doses

produce overlapping networks and highlight gene functions

related to the NER pathway, they also appear to induce a

network of dose-specific interactions.

To further characterize this space of potential dose-specific in-

teractions, we visualized the underlying static genetic changes

between untreated, low-dose, and high-dose conditions for

each of these interactions (Figures 5B). Visualizing the data in
ports 5, 1714–1724, December 26, 2013 ª2013 The Authors 1719



Figure 5. Identifying Dose-Specific Differ-

ential Interactions

(A) Overlap between high-UV and low-UV dose

differential networks (black line) or the average

overlap seen among three previously published

differential networks generated in response to

distinct genotoxic agents (dark gray line/’’Other

DNA-Damaging Agents’’; Guénolé et al., 2013).

Fold enrichment is defined as n/r, where n is the

number of top-ranked gene pairs (x axis; ranked

by differential p value) common to a pair of net-

works and r is the number expected at random.

Error bars indicate one SD. The inset shows the

overlap between all significant differential in-

teractions (PLow � UT, PHigh � UT % 0.001) uncov-

ered in high-dose versus low-dose conditions.

Significance of overlap was assessed using a one-

tailed Fisher’s exact test.

(B) Heat map of the static dose profiles (SUT /

SLow / SHigh) for all 849 and 307 high- and low-

dose differential interactions. Interactions have

been categorized as ‘‘gain of interaction’’ or ‘‘loss

of interaction’’ and then ordered (top to bottom)

based on their likelihood of being a dose-specific

differential interaction. For more details, see

Supplemental Experimental Procedures.

(C) Example static dose profiles are shown for four

interactions. See also Figure S5.
this manner revealed a continuum of differential interactions

ranging from those interactions which displayed a marked

change in interaction exclusively in low or high UV dose

compared to untreated (e.g., RAD2-CTF4 and RAD18-RAD1;

Figure 5C) to interactions in which a shift in genetic interaction

was observed at both UV doses compared to untreated, but

where the magnitude of this shift differed between doses (e.g.,

RAD4-RAD10 and RAD14-OCA1; Figure 5C).

To explicitly identify dose-specific interactions, i.e., interac-

tions with a strong change in one dose only, we developed a bio-

informatics pipeline to analyze an interaction’s underlying static

dose profile. As described further in the Supplemental Experi-

mental Procedures, we first defined a set of model dose profiles

representinghigh-or low-dose-specific interactions (FigureS5E),

as well as a ‘‘null’’ model profile devoid of change between UV

doses. Interactions whose static dose profile more closely aligns

with a dose-specific profile compared to the null model are clas-

sified as dose-specific interactions. Applied to our data set, our

method identified, respectively, 35 and 44 high- and low-dose-

specific interactions (Table S6; FDR < 40%).

These dose-specific connections were enriched for interac-

tions with genes annotated to DNA metabolism (p = 0.00012;
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high dose), DNA recombination (p =

0.00012; high dose), translesion synthe-

sis (p = 0.02459; low dose), and intrigu-

ingly protein degradation (p = 0.0146;

low dose). Consistent with these obser-

vations, exposure to genotoxic agents,

including UV radiation, has previously

been shown to result in increased

rates of protein degradation (Burgis and
Samson, 2007). Strikingly, we found that all low-dose-specific in-

teractions involved NER genes involved in downstream repair

activities, such as DNA incision and gap filling (RAD1, RAD2,

and RAD10), and not by any of the early sensors. Consistent

with this observation, deletion of factors involved in sensing

DNA damage was found to have no impact on the rate of dam-

age-induced protein degradation (Burgis and Samson, 2007),

suggesting that the signal for increased protein degradation

does not originate from the damaged DNA itself.

Although further work will be required to resolve the precise

mechanisms underlying these dose-specific connections, our

study provides an important proof of principle that the frame-

work for analyzing shifts in genetic networks in response to

external stimuli (Bandyopadhyay et al., 2010; Bean and Ideker,

2012) can be expanded to understand how such networks are

influenced by varying dosage.

DISCUSSION

Here, we have mapped the UV-induced genetic network

between most components of the NER pathway and over

1,300 genes spanning a wide range of biological processes



(Figure 1A). Unlike previous differential genetic studies (Bandyo-

padhyay et al., 2010; Guénolé et al., 2013), we have made mea-

surements across multiple doses of treatment and developed a

bioinformatics pipeline to specifically identify dose-specific in-

teractions (Figure 5; Supplemental Experimental Procedures).

Whereas the induction of genetic interactions exclusively at

higher doses may be expected, our data also implicate a num-

ber of low-dose-specific connections (Table S6), suggesting the

presence of response pathways unique to low versus high

doses of DNA damage. Indeed, past genome-wide expression

studies have shown the induction of transcriptional programs

at low (but not high) concentrations of other genotoxic agents,

such as methyl methanesulfonate (MMS) and ionizing radiation

(Benton et al., 2006). Future studies may combine differential

genetic interaction mapping with our bioinformatics pipeline to

the study of other genotoxic agents that have known shifts in

the mode of action between high and low doses. For example,

moderate to high doses of hydroxyurea inhibit DNA, RNA, and

protein synthesis, whereas at low concentrations, it interferes

exclusively with DNA synthesis (Timson, 1969). Similarly, low

concentrations of MMS have been shown to activate only the

intra-S checkpoint, whereas higher doses also lead to activation

of the G1/S checkpoint (Frei and Gasser, 2000). Examining

dose-specific genetic networks may help to disentangle the

pathways contributing to the distinct modes of action of these

compounds.

Combining our differential genetic data with other physical

interaction data sets (Collins et al., 2007; Gavin et al., 2006; Kro-

gan et al., 2006) revealed a link between the RSC chromatin-

remodeling complex and both pathways of NER, making RSC

the first complex to be linked to TCR (Figures 2B, 3, and

S3A–S3G). We found that Rsc2 is recruited in a UV-dependent

manner to both expressed and silenced loci (Figures 4A and 4B)

and that deletion of RSC2 led to altered histone-remodeling

dynamics at sites of UV damage (Figure 4C). It is worth noting

that the remodeling defect observed in rsc2D cells is not as

severe as that observed in rad4D cells, possibly due to the

fact that other chromatin remodelers, such as INO80, are also

recruited to sites of UV damage in a Rad4-dependent manner

(Gong et al., 2006; Sarkar et al., 2010). Whereas Sth1 (and

not Rsc2) forms the catalytic core of the RSC complex,

in vitro studies have demonstrated that purified Sth1, without

other RSC components (including Rsc2), exhibits a severe

reduction in remodeling activity (Saha et al., 2002). These

results, coupled with our data showing recruitment of Sth1

and Rsc2 to sites of UV-induced lesions (Figure S4D), lead us

to conclude that RSC mediates efficient NER by remodeling

chromatin at sites of UV damage.

How might RSC be recruited to damaged chromatin? One

possibility is that NER factors, such as Rad4, Rad23, or

Rad26, which are responsible for initial damage recognition (Pra-

kash and Prakash, 2000), may physically interact with RSC to

facilitate its recruitment. Although we were not able to demon-

strate a physical interaction between Rsc2 and Rad4 or Rad23

(data not shown), the RSC complex contains over 15 different

subunits (as defined in the Saccharomyces Genome Database)

and thus an interaction with these NER factors might also occur

through one of the other subunits. Alternatively, the damage
Cell Re
recognition step itself may help to recruit RSC to chromatin.

Structural studies of Rad4-DNA complexes have shown that

the binding of Rad4 at UV-induced lesions results in the destabi-

lization of the helical structure (Min and Pavletich, 2007) and the

formation of a highly kinked structure (Jani�cijevi�c et al., 2003).

Such structures have been shown to act as a platform for the

assembly of an active NER complex, and it is tempting to spec-

ulate that theymay also serve to promote the recruitment of RSC

to damaged chromatin.

Acetylation of histone H3 lysine 14 (H3K14) by NER factors

Gcn5 and Rad16 is a critical mark for efficient NER (Teng

et al., 2002). Past work has shown that Rsc4, one of the RSC

subunits, contains a tandem bromodomain that binds specif-

ically to H3K14ac (VanDemark et al., 2007). Moreover, Rsc4 itself

is known to be acetylated by Gcn5, an event which has been

shown to be important for promoting resistance to DNA damage

and replicative stress (Charles et al., 2011). This suggests that

posttranslational modification of either histones or components

of RSC may also contribute to the recruitment and regulation

of RSC-dependent chromatin remodeling at sites of UV-induced

lesions.

Rsc1 and Rsc2 are known to define two mutually exclusive

RSC complexes (Cairns et al., 1999) and appear to have overlap-

ping, but not identical, functions (Cairns et al., 1999; Hillenmeyer

et al., 2008; Rossio et al., 2010). For example, whereas both

mutants are sensitive to double-stranded break-inducing agents

and exhibit defects in nonhomologous end joining, these defects

could not be rescued by additional copies of the other gene, sug-

gesting similar, but nonoverlapping, functions (Chai et al., 2005;

Chambers et al., 2012; Kent et al., 2007). Here, we found that

deletion of RSC2, but not RSC1, rendered cells sensitive to UV

(Figure 2C). Consistent with this finding, recent work has impli-

cated a role for Rsc2, but not Rsc1, in the replication of UV-

damaged DNA (Niimi et al., 2012). However, given that our

differential network revealed several connections between

RSC1 and DNA damage response factors, we cannot exclude

a role for the Rsc1-containing complex in the UV response. For

instance, Rsc1 may function in other facets of the UV damage

response, such as facilitating the repair of DNA breaks that arise

as a consequence of UV-induced replication fork collapse.

To facilitate access to our resource, we have made all data

available as Cytoscape session files on a supplemental website

(http://chianti.ucsd.edu/�rsrivas/srivas_2013/). Using Cyto-

scape (Shannon et al., 2003), one can query for genes of interest

and easily browse the higher-level analysis of interactions be-

tween complexes (Figure 2A). Data on UV single-mutant sensi-

tivity, as well as gene-level data from the Saccharomyces

Genome Database (Cherry et al., 2012), have been added to

the session files, allowing for a wealth of information from

different fields to be cross-referenced. We anticipate that this

resource will be invaluable in increasing our understanding of

the UV damage response.
EXPERIMENTAL PROCEDURES

Differential Genetic Experiments

Double mutants were constructed using the SGA technology (Tong

and Boone, 2006), except that, in the final step, double mutants were
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replica-pinned on the prescribed media and exposed to UV-C radiation

(20 J/m2 and 80 J/m2) or mock treatment. Static and differential scores were

computed as previously described (Bandyopadhyay et al., 2010; Collins

et al., 2006). A list of all strains used is provided in Table S8.

Constructing the Module Map

A list of multigenic modules was obtained from a previous study (Guénolé

et al., 2013). This list was filtered to include only those modules that contained

at least two genes for whichwe had screened genetic interactions resulting in a

list of 123 modules. The sum of the absolute value of differential scores for

gene pairs spanning two modules was then compared to a null distribution

of summed differential scores for equal-sized random samples of gene pairs.

This analysis was performed separately for low-dose and high-dose differen-

tial networks, after which a threshold of p < 0.012 was used to generate the

module map (Figure 2A; Tables S4 and S5).

Transcription Analysis

Mid-log-phase cultures of cells were exposed to UV-C radiation (100 J/m2) or

mock treatment and allowed to recover in yeast extract; peptone; dextrose

(YPD) media for 60 min at 30�C. Cells were then lysed, and RT-qPCR was per-

formed as previously described (Chen et al., 2013). For a list of primers used,

see Table S9. Measurements were normalized against the housekeeping gene

GCN4, and final fold changes were computed using the Pfaffl method (Pfaffl,

2001).

Repair Assays

Photoproduct removal rates at MATa, HMLa, and RPB2 were determined as

described previously (den Dulk et al., 2006; Sarkar et al., 2010). To test for a

difference in the rate of photoproduct removal between two strains, a stan-

dard linear model was built in which ‘‘% photoproducts remaining’’ was

regressed against factors ‘‘time,’’ ‘‘strain’’ (categorical variable representing

the genotype of the strain, e.g., WT or rsc2D), and an interaction term (time

* strain). The significance of the interaction term, which represents

the difference in the rate of photoproduct removal between strains, was

then assessed using an F test. All statistical analysis was performed in R

(version 2.11.1).

Cell-Cycle-Profiling Experiments

Exponentially growing cells were exposed to UV (70 J/m2) and then released

into fresh YPD medium. FACS analysis was performed at different time

points following UV irradiation using a BD LSRII instrument and WinMDI soft-

ware. Rad53 phosphorylation status was monitored via western blot analysis

using a Rad53 antibody (Santa Cruz Biotechnology) as previously described

(Guénolé et al., 2013).

Measuring Protein Occupancy at UV-Induced Lesions by ChIP-qPCR

ChIP-qPCR experiments were performed as described previously (Sarkar

et al., 2010) using either an antibody against histone H3 (Abcam number

AB1791) or Myc (Cell Signaling Technology number 9B11). Briefly, cells

were exposed to UV radiation (200 J/m2) and harvested at the indicated

time points (Figure 4). Cells were then processed as for conventional ChIP,

except that after immunoprecipitation (IP) and reversal of DNA-protein cross-

links, the DNA was treated with 5 mg D. melanogaster 6-4 photolyase and

50 ng Escherichia coli cyclobutane pyrimidine dimer photolyase for 1 hr at

room temperature to remove all unrepaired UV lesions and permit equal

amplification of all DNA. In addition, an aliquot of each extract was taken

prior to immunoprecipitation and treated with photolyase enzymes (‘‘input’’),

and a no antibody control IP was performed (‘‘no antibody’’). IP, input, and

no antibody DNA were subsequently analyzed by RT-qPCR using primers

targeting MATa or HMLa (see Table S9 for primer sequences). Absolute

enrichment for histone H3, Rsc2, Sth1, or Rad4 at these loci was calculated

by comparing IP threshold cycle values (Ct) to no antibody values using

input as a reference. Finally, relative fold enrichment was defined as the

ratio of absolute enrichment of UV-treated samples to that of untreated

samples (UT).

Additional experimental details have been provided in the Supplemental

Experimental Procedures.
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