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Abstract

DNA interstrand cross-links (ICLs) block replication fork progression by inhibiting DNA strand 

separation. Repair of ICLs requires sequential incisions, translesion DNA synthesis, and 

homologous recombination, but the full set of factors involved in these transactions remains 

unknown. We devised a technique called chromatin mass spectrometry (CHROMASS) to study 

protein recruitment dynamics during perturbed DNA replication in Xenopus egg extracts. Using 

CHROMASS, we systematically monitored protein assembly and disassembly on ICL-containing 

chromatin. Among numerous prospective DNA repair factors, we identified SLF1 and SLF2, 

which form a complex with RAD18 and together define a pathway that suppresses genome 

instability by recruiting the SMC5/6 cohesion complex to DNA lesions. Our study provides a 

global analysis of an entire DNA repair pathway and reveals the mechanism of SMC5/6 

relocalization to damaged DNA in vertebrate cells.

Cellular genomes are particularly susceptible to DNA damage during S phase of the cell 

cycle, when unrepaired lesions interfere with DNA replication. Several genetically 

distinguishable pathways have evolved to bypass these roadblocks, involving processing of 
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the stalled replication forks, translesion synthesis (TLS), and homologous recombination 

(HR) (1–3). Defects in these pathways can lead to genomic rearrangements and cancer 

predisposition syndromes in higher eukaryotes (3, 4). Among DNA lesions, ICLs are 

particularly difficult to repair because they affect both strands of the DNA, thereby 

precluding mechanisms that use an intact complementary strand as a template. Replication 

of plasmids containing a defined ICL in Xenopus egg extracts provided insight into the 

stepwise bypass of these complex lesions (5). After collision of the replisome with the ICL, 

the leading-strand DNA polymerase stalls 20 to 40 nucleotides from the cross-link because 

of steric hindrance by the Mcm2-7 replicative DNA helicase, which unwinds the parental 

strands ahead of the polymerase. Upon unloading of the helicase and dual incision of one 

parental strand, leading-strand synthesis advances beyond the ICL. Finally, the incised sister 

molecule is repaired by HR (6). In agreement with this mechanism, replication-dependent 

ICL repair in Xenopus egg extracts consistently requires the Fanconi anemia protein Fancd2, 

the Polζ subunit Rev7, and the Rad51 recombinase (5–7). The response to ICL-stalled 

replication forks also triggers an extensive DNA damage response (DDR) that synchronizes 

repair status with cell cycle progression and promotes recruitment of the repair machinery. 

This involves extensive chromatin modifications that serve as docking marks for protein 

recruitment and change the chromatin architecture to make it permissive for homology-

directed repair. However, the factors involved in coordinating all these steps have not yet 

been defined in an unbiased fashion.

Higher-order chromosome structure is regulated by the SMC (structural maintenance of 

chromosome) proteins, SMC1 to SMC6 (8). They form heterodimeric complexes involved in 

sister chromatid cohesion (SMC1/3), chromosome condensation (SMC2/4), and DNA repair 

(SMC5/6) (9). Like cohesin, the SMC5/6 complex localizes along chromosomes. Local 

accumulation of SMC5/6 is also observed at DNA double-strand breaks (DSBs) (10) and at 

stalled replication forks (11, 12), where it regulates the outcome of HR (13). Consistent with 

this notion, loss of the essential SMC5/6 complex leads to spontaneous chromosomal 

aberrations and chromosome segregation errors, which are increased strongly by drugs that 

interfere with DNA replication. In budding and fission yeast, four non-SMC elements (NSE1 

to NSE4) stably associate with SMC5/6, conferring ubiquitin and SUMO E3 ligase activity 

to the complex. In contrast, the NSE5/6 heterodimer only loosely associates with SMC5/6 

and appears to be specifically required for its recruitment to DSBs and stalled replication 

forks (11, 14). So far, no functional orthologs of NSE5/6 have been identified in higher 

eukaryotes, which raises the question of how the SMC5/6 complex is recruited to DNA 

lesions in these species.

Dynamic recruitment of DNA repair factors to stalled replication forks

To systematically monitor protein recruitment during ICL repair, we developed chromatin 

mass spectrometry (CHROMASS) (fig. S1A). In brief, psoralen–cross-linked or undamaged 

sperm chromatin is replicated in Xenopus egg extracts, isolated by sedimentation through a 

sucrose cushion, and analyzed by a high-performance single-run mass spectrometry 

workflow (15, 16). Using recently developed algorithms (17), CHROMASS accurately 

quantifies the recruitment of factors to chromatin. Even at a single time point, as many as 

146 known DDR factors were readily detected, 72 of which showed significant enrichment 
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on the damaged chromatin over the undamaged control [relative change >1.5; false 

discovery rate (FDR) < 0.05] (Fig. 1A and table S1). Consistent with ICL repair being 

strictly dependent on replication in this system (5), the recruitment of most DDR factors was 

sensitive to the replication inhibitor geminin (Fig. 1B and table S1). In total, we analyzed 

160 chromatin pellets representing 37 different time points and/or perturbations (fig. S1B). 

The three independent replicates that we measured for each condition showed a high degree 

of correlation (median R2 = 0.92; fig. S2A). Of 5730 quantified proteins, 1349 were 

specifically enriched on chromatin (fig. S2B and table S1). Intensity profiles of these 

proteins across all perturbations provide a data-rich resource that can be mined for new 

insights into chromatin biology.

To analyze the recruitment kinetics of known DNA replication and ICL repair factors, we 

isolated psoralen–cross-linked chromatin from repair-competent extracts at 15-min intervals. 

Replication of this damaged template triggered a transient checkpoint response that peaked 

at 30 min (Fig. 1C), indicating that replication forks reached the ICLs within that time (5, 7). 

Consistently, most replication initiation and elongation factors peaked early, between 15 and 

30 min, whereas most DNA repair factors accumulated only after fork collision with the ICL 

(Fig. 1D). Concomitant with the unloading of replicative DNA polymerases around 45 min, 

TLS polymerases (Polκ, Polη, Rev1/3/7), the entire Fanconi core complex, and the Xpf and 

Fan1 nucleases (18) became enriched on the damaged chromatin. This was followed by the 

recruitment of the Brca1-A complex, indicating the loading of the HR machinery. Finally, at 

around 75 min, the Fanci-Fancd2 complex peaked on the chromatin. Given that this complex 

regulates the incision and TLS step during ICL repair (19, 20), the late peak of Fanci-Fancd2 

was surprising. We speculate that this reflects an additional function of the complex, 

possibly related to the retention of Fancd2 at ultrafine bridges that become visible only in 

mitosis (21). This global analysis provides detailed insights into the dynamics of protein 

recruitment to replication forks stalled at ICLs and suggests a highly orchestrated assembly 

of the repair machinery to ensure a safe handover of potentially dangerous repair 

intermediates to downstream processes (16).

Identification of damage-specific chromatin binders

Using robust statistical algorithms (22), we next identified for each time point of EXP03-05 

(see Fig. 2A and fig. S1B) all proteins with significant enrichment on psoralen–cross-linked 

chromatin over both undamaged chromatin and a mock control (relative change >1.5; FDR > 

0.05). For each protein, we analyzed how often it scored as a damage-specific chromatin 

binder in the nine evaluated time points (labeled 1 to 9 in Fig. 2A; see also table S1) (16). 

Only seven proteins were enriched in all nine conditions (Fig. 2B, top bar), whereas the 

majority of hits scored only in a subset of the analyzed time points. The highest-scoring 

proteins were almost exclusively known DDR factors. Although the number of identified 

repair factors increased steadily with decreasing stringency, the overall number of hits 

increased disproportionately. Therefore, only hits scoring in at least three experimental 

conditions were included in subsequent analyses. Among the 198 proteins fulfilling these 

criteria, 87 had previously been implicated in the DDR (red), 17 in sister chromatid 

cohesion, and 14 in DNA replication (Fig. 2C). The observed maximal damage-specific 

enrichment of proteins ranged from a factor of 1.5 up to a factor of >400 (Fig. 2D).
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To gain further statistical power from these independent experiments (Fig. 2A), we 

computed a global score for the damage-specific enrichment by means of an FDR-controlled 

approach (16). Mapping this global score onto a protein-protein interaction network 

indicated comprehensive coverage of known protein modules implicated in ICL repair (Fig. 

2E; see also fig. S3). In contrast, virtually none of the factors involved in unrelated repair 

pathways—such as nonhomologous end joining, base excision repair, mismatch repair, or 

postreplicative repair—were robustly enriched on psoralen–cross-linked chromatin. Together 

with the temporal profiles, these analyses provide a systems-wide proteomic survey of 

protein recruitment to ICL-stalled replication forks.

To further characterize the damage-specific chromatin binders, we determined whether their 

recruitment was suppressed in the presence of the replication inhibitor geminin. Although 

recruitment of the majority of known DDR and replication factors required prior DNA 

replication, only 24 of the 80 miscellaneous hits showed geminin-sensitive accumulation 

(Fig. 2, C and E, and figs. S3B and S4). Among these, we identified Ankrd32 and Fam178a, 

which we refer to as SLF1 and SLF2 (Smc5/6 localization factors 1 and 2), respectively. 

Both proteins showed prominent enrichment on psoralen–cross-linked chromatin (fig. S3A), 

and their accumulation peaked together with the early ICL repair factors (see Fig. 1D). 

Across the entire data set, their intensity profiles clustered most tightly with that of Rad18 

(fig. S5). Notably, Rad18, but not its binding partner Rad6 (2, 23), accumulates strongly on 

cross-linked DNA (Fig. 2E and table S1); this finding suggests that, together with SLF1 and 

SLF2, RAD18 might play a noncatalytic role in the response to stalled replication forks that 

is distinct from its RAD6-dependent function as a ubiquitin ligase required for the 

polymerase switch during postreplicative repair (2).

The RAD18-SLF1-SLF2 complex recruits SMC5/6 to DNA lesions

We next set out to investigate the potential function of SLF1 and SLF2 in the DNA damage 

response in human cells. Quantitative bacterial artificial chromosome interactomics 

(QUBIC) (24) confirmed strong and specific interactions among RAD18, SLF1, and SLF2 

(Fig. 3, A and B, and fig. S6A). These unbiased experiments also suggested association with 

components of the SMC5/6 complex. Indeed, when SMC6 was used as bait, RAD18, SLF1, 

and SLF2 were specifically detected in the pulldowns (Fig. 3A, right, and fig. S6A). 

Furthermore, the highly abundant RAD6 protein was recovered efficiently in RAD18 but not 

in SLF2 nor SMC6 pulldowns, and unlike RAD18, neither SLF1, SLF2, nor any 

components of the SMC5/6 complex were strongly enriched in RAD6 pulldowns (fig. S6B). 

These findings suggest that RAD18 forms two distinct complexes in HeLa cells: one with 

RAD6, and another with SLF1 and SLF2 that interacts with the entire SMC5/6 complex in a 

sub-stoichiometric fashion.

To delineate the molecular nature of the RAD18-SLF1-SLF2-SMC5/6 complex, we 

confirmed interactions by coimmunoprecipitation. Consistent with work showing that the 

isolated tandem BRCT repeat of SLF1 recognizes two phosphorylated serine residues 

located in the C terminus of RAD18 (25), only the wild type, but not mutant RAD18 

(S442A/S444A), interacted with full-length SLF1 (Fig. 3C, fig. S6, C to E, and fig. S7). 

Deletion of the N-terminal tandem BRCT repeat from SLF1 abrogated RAD18 interaction, 
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although this mutant still bound SLF2 (Fig. 3D). In agreement with a linear organization of 

the RAD18-SLF1-SLF2-SMC5/6 complex, depletion of SLF1 or SLF2 strongly reduced the 

amount of SMC5 in RAD18 pulldowns (Fig. 3E). Furthermore, knockdown of SLF1 

abolished the interaction between RAD18 and SLF2 (Fig. 3F), whereas depletion of SLF2 

did not affect the association of RAD18 with SLF1. We therefore conclude that SLF1 and 

SLF2 physically link RAD18 to the SMC5/6 complex (Fig. 3G).

To investigate the role of the RAD18-SLF1-SLF2-SMC5/6 complex in the DNA damage 

response, we asked whether these proteins are physically recruited to laser-induced DNA 

lesions. Consistent with the accumulation of RAD18 at DSB sites (26) and our physical 

interaction studies, RAD18, SLF1, SLF2, SMC5, and SMC6 were all recruited to laser-

induced DSBs (Fig. 4, A to D, and fig. S8A), as well as to ICLs induced by laser-activated 

psoralen (fig. S8B). Depletion of SLF1 abolished SLF2 recruitment to DSB sites but not 

vice versa, further confirming that SLF1 links RAD18 to SLF2 within the complex (Fig. 4D 

and fig. S8C).

The expression of ectopic SLF1 in cells treated with an SLF1 small interfering RNA 

(siRNA) targeting the 3′ untranslated region fully restored SLF2 recruitment to laser-

induced DNA lesions (Fig. 4E and fig. S8D). Neither SLF1 nor SLF2 depletion impaired 

RAD18 accumulation at the break sites (Fig. 4D and fig. S8A), but each of these factors was 

required for SMC5/6 recruitment, further demonstrating the linear relationship among the 

components of this pathway (Fig. 4, A to D, and fig. S8A).

RAD18 has been shown to accumulate at DSBs via its UBZ domain, which recognizes 

ubiquity-lation products formed at DNA lesions when RNF8, MDC1, and RNF168 are 

present (26–29). Consistently, recruitment of RAD18, SLF1, SLF2, and SMC5/6 to 

microlaser-induced DNA lesions required RNF8, MDC1, and RNF168, but did not require 

either RAP80 or 53BP1, which function downstream in separate branches of the DSB 

response (fig. S8, B and D). Likewise, damage recruitment of SLF2 or SMC6 was abolished 

in cells treated with the proteasome inhibitor MG132, which efficiently depletes the pool of 

free ubiquitin (30) (fig. S9, C and D). In the Xenopus system, depletion of free ubiquitin also 

abrogated recruitment of all components of the Smc5/6 recruitment cascade, as well as many 

DNA repair factors known to accumulate at stalled replication forks in a ubiquitin-dependent 

fashion (Fig. 4F) (31). Because depletion of ubiquitin specifically interferes with early steps 

of ICL repair without affecting DNA replication (32), these results demonstrate a pivotal 

role of ubiquitin in the assembly of repair complexes at stalled replication forks.

To further demonstrate how CHROMASS can generate additional insights into chromatin 

biology via targeted perturbations, we sought to specifically inhibit the HR branch of ICL 

repair. We added a Brca2-derived peptide (BRC4) to the extract to specifically block the 

loading of the Rad51 recombinase and formation of recombination intermediates (6). At 90 

min, the levels of Rad51 were reduced by a factor of 16 in the presence of BRC4 (Fig. 4G). 

Recruitment of several Rad51-associated HR factors (Rad51ap1, Rad51c, Xrcc2, Rad54, 

Mnd1, and Hop2) was similarly reduced. Furthermore, Polη showed a robust decrease, 

indicating a potential role of this TLS polymerase in HR-associated DNA synthesis. In 

contrast, addition of the BRC4 peptide did not reveal differential recruitment of enzymes 
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involved in the processing of recombination intermediates, such as Holliday junction 

resolvases. Thus, dissolution by the Blm-TopoIIIa-Rmi1-Rmi2 (BTRR) complex, which is 

recruited early to stalled replication forks by FancM (33), might be the preferred pathway in 

this system. Our targeted perturbation experiment also demonstrates that the HR branch and 

the SMC5/6 recruitment cascade are independent pathways.

The SMC5/6 pathway protects cells from replication-associated genotoxic 

stress

We next examined the impact of compromised RAD18-SLF1-SLF2 function on the 

maintenance of genome integrity after DNA damage. Depletion of SLF1 or SLF2 increased 

the sensitivity of U2OS cells to DSB-inducing agents such as ionizing radiation (Fig. 5A and 

fig. S10A). The degree of hypersensitivity of SLF1- or SLF2-depleted cells to ionizing 

radiation was comparable to that of cells lacking RNF8 or RNF168 (31, 34), both of which 

are required for RAD18-SLF1-SLF2 recruitment to DSB sites. In addition, loss of SLF1 or 

SLF2 function sensitized cells to ionizing radiation to an extent similar to that of RAD18 or 

SMC6 depletion (Fig. 5A), consistent with the notion that RAD18, SLF1, SLF2, and 

SMC5/6 function in a linear pathway. Furthermore, depletion of any component of the 

SMC5/6 recruitment pathway resulted in mild sensitivity to mitomycin C (MMC) (Fig. 5B). 

Knockdown of RAD18, SLF1, SLF2, or SMC5 enhanced MMC-induced chromosomal 

aberrations observed in metaphase spreads, comparable to the effect of depleting FANCD2 

(Fig. 5C). Ectopic expression of siRNA-insensitive SLF1 in cells treated with SLF1 siRNA 

significantly reduced MMC-induced chromosomal aberrations (Fig. 5D, asterisks).

The SMC5/6 complex contains a number of non-SMC proteins, collectively referred to as 

NSE (non-SMC element) proteins (9). Whereas the SMC5/6 and NSE1 to NSE4 subunits are 

highly conserved across all kingdoms of life, homologs of the NSE5/6 heterodimer have 

diverged considerably between budding and fission yeast and have not been identified in 

higher eukaryotes. Using advanced sequence analysis tools (16), we unambiguously found 

NSE6 to be a member of the SLF2 gene family despite weak overall sequence conservation 

(fig. S10, B and C). NSE1 to NSE4 are essential proteins in yeast, like SMC5 and SMC6; by 

contrast, NSE5 and NSE6 appear to promote SMC5/6 complex functions only during 

genotoxic stress, in particular related to S phase–specific DNA lesions (11, 35). However, 

deletion of Rqh1 or Mus81 in nse6 or in hypomorphic nse1, nse2, or nse3 mutants results in 

synthetic lethality, indicating that dissolution and resolution of HR structures becomes 

critical in cells with compromised SMC5/6 function (35). To test whether this is also the 

case in human cells, we depleted SMC5/6 pathway proteins from PSNG13 cells, which are 

unable to dissolve recombination intermediates because of mutations in the BLM helicase 

(Rqh1 homolog). Depletion of RAD18, SLF1, SLF2, and SMC5 strongly reduced the 

proliferation of PSNG13 cells relative to BLM-complemented PSNF5 cells (Fig. 5E and fig. 

S10D). Consistent with an involvement of the SMC5/6 pathway in the resolution of 

recombination intermediates or the avoidance of illegitimate recombination events (11, 36), 

knockdown of SLF1 or SLF2 enhanced the rate of sister chromatid exchanges (fig. S10E). 

Moreover, depletion of SLF1 or SLF2 from U2OS cells significantly increased the frequency 

of ultrafine bridges and other abnormalities in anaphase cells (fig. S10, F and G, asterisks). 
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From these lines of evidence, we conclude that SLF1 and SLF2 are important for genome 

stability maintenance in human cells.

RAD18 facilitates bypass of DNA damage encountered by the replication machinery by 

promoting the monoubiquitylation of the replication processivity factor PCNA (37). 

However, we found that both SLF1 and SLF2 were dispensable for replication block–

induced PCNA monoubiquitylation and recruitment of the TLS polymerase Polη to stalled 

replication forks (Fig. 5, G and H). Likewise, knockdown of SLF1 or SLF2 did not affect 

FANCD2 monoubiquitylation in response to DNA damage (fig. S10H). Thus, we conclude 

that the RAD18-SLF1-SLF2 complex selectively promotes the function of SMC5/6 in HR, 

whereas it is not required for RAD18-mediated bypass of replication-blocking lesions.

In addition to the sequence similarity between NSE6 and SLF2 (fig. S10, B and C), we note 

a considerable analogy between the pathways governing recruitment of the SMC5/6 

complex to DNA damage sites in yeast and humans. For instance, Rtt107, a BRCT repeat-

containing protein like SLF1, has been shown to mediate SMC5/6 recruitment to DSBs in 

budding yeast (14). Moreover, the fission yeast ortholog of Rtt107, Brc1, is a high-copy 

suppressor of SMC5/6 deficiency in a manner requiring a noncatalytic function of RAD18 

(38, 39). Given these parallels, we propose that the SMC5/6 recruitment pathway has rapidly 

evolved to protect cells from replication-associated genotoxic stress.

Combined with existing data, our study suggests that we now know many of the players in 

postreplicative ICL repair. However, delineating their regulation and potential involvement 

in related repair pathways remains a challenging task. CHROMASS can be applied to other 

chromatin-associated processes, and with further development, it offers the perspective to 

also identify regulatory posttranslational modifications of the chromatin-bound factors in a 

global manner.
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Fig. 1. Dynamic recruitment of proteins to replication forks stalled at psoralen cross-links
Chromatin was replicated in Xenopus egg extract and analyzed by CHROMASS. (A) 

Analysis of protein recruitment to psoralen–cross-linked chromatin compared to an 

undamaged control. The volcano plot shows the mean difference of the protein intensity 

plotted against the P value. Dashed lines indicate the significance cutoff (16). (B) Protein 

recruitment to psoralen–cross-linked chromatin in the presence or absence of the replication 

inhibitor geminin. (C) Analysis of DNA damage checkpoint activation by probing total 

extracts with antibodies raised against phospho-CHK1. (D) CHROMASS analysis of 

chromatin pellets from the same reactions shown in (C).The heat map shows the relative 

abundance of the median intensity from three biological replicates calculated for each 

protein. See table S2 for intensities of all quantified proteins. A model for ICL repair is 

shown at the left. The same sample was analyzed in (A), (C), and (D).
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Fig. 2. Pathway analysis reveals comprehensive proteomic coverage of the ICL repair pathway
(A) Time points evaluated for the identification of all damage-specific chromatin binders. 

Representative intensity profile of FancD2 on psoralen–cross-linked chromatin (red), 

undamaged chromatin (blue), or a mock control lacking chromatin (green) plotted against 

time. (B) The cumulative number of hits in each category plotted against the number of 

significant observations (table S1), in which a protein was found to be significantly enriched 

on psoralen–cross-linked chromatin relative to undamaged chromatin and a mock reaction. 

DDR, DNA damage response; COH, cohesion; REP, DNA replication; MISC, 

miscellaneous. See table S1 for assignment to categories. (C) Replication dependency of 

damage-specific chromatin binder with at least three significant observations. (D) Maximal 

intensity ratio (PSO/CTR) plotted against the rank of the protein. Dot and label sizes reflect 

the number of significant observations. (E) Mapping a global score for damage-specific 

enrichment (16) onto a schematic protein interaction network. Low coverage may indicate 

module members that are not involved in the response to cross-linking agents.
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Fig. 3. SLF1 and SLF2 physically link RAD18 to the SMC5/6 complex
(A) Green fluorescent protein (GFP) pulldowns from HeLa (BAC) cells expressing SLF2, 

RAD18, or SMC6 as GFP fusion proteins under their endogenous promoter were analyzed 

by QUBIC (24). (B) Protein interactions identified in (A). Circle size indicates absolute 

copy number in HeLa cells (see fig. S7C). Baits are shown in dark orange. Arrow size 

indicates relative intensities of interactors. (C) U2OS cells left untreated or transfected with 

SLF1 siRNA were transfected with indicated FLAG-RAD18 constructs. Whole-cell extracts 

(WCE) were subjected to FLAG immunoprecipitation (IP) and immunoblotted with 

antibodies to SLF1, FLAG, and β-tubulin. (D) U2OS/FLAG-SLF2 cells were transfected 

with indicated SLF1 constructs. Interactions among SLF1, SLF2, and RAD18 were analyzed 

by immunoblotting GFP IPs with the indicated antibodies. (E) GFP IPs from HeLa or HeLa/

GFP-RAD18 (BAC) cells transfected with indicated siRNAs were immunoblotted with 

antibody to SMC5. Knockdown efficiency of the SLF2 siRNA is shown in fig. S6F (F) GFP 

IPs from U2OS cells transfected with the indicated siRNAs, followed by transfection with 

empty vector or GFP-SLF2 plasmid, were immunoblotted with antibodies to RAD18 and 

SMC5. (G) Schematic depiction of human SLF1 and SLF2 proteins. Conserved BRCT and 

ankyrin repeat (ANK) domains in SLF1 are highlighted. Interactions among RAD18, SLF1, 

SLF2, and SMC5/6 are indicated by double-headed arrows.
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Fig. 4. The RAD18-SLF1-SLF2 complex promotes ubiquitin-dependent recruitment of SMC5/6 
to sites of DNA damage
(A) U2OS/GFP-SLF1 cells transfected with indicated siRNAs were exposed to laser micro-

irradiation, fixed 1 hour later, and immunostained with γ-H2AX antibody. Scale bar, 10 μm. 

(B and C) U2OS cells treated as in (A) were coimmunostained with antibody to SLF2 or 

SMC5, respectively. Scale bar, 10 μm. (D) Quantification of data shown in (A) to (C) and 

fig. S8A. At least 75 cells were counted per data point [mean ± SEM (error bars); N = 2]. 

(E) U2OS or U2OS/GFP-SLF1 cells were processed as in (B). At least 100 cells were 

counted per data point [mean ± SEM (error bars); N = 2]. See also fig. S8D. (F) 

CHROMASS analysis of protein recruitment to psoralen–cross-linked chromatin in the 

presence or absence of ubiquitin vinyl sulfone. (G) Protein recruitment to psoralen–cross-

linked chromatin in the presence or absence of BRC4 peptide.
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Fig. 5. Role of the RAD18-SLF1-SLF2 complex in genome stability maintenance after DNA 
damage
(A) Clonogenic survival of U2OS cells after exposure to ionizing radiation (mean ± SEM; N 
= 3). See also fig. S10A for an independent set of siRNAs. (B) Clonogenic survival of U2OS 

cells exposed to MMC (mean ± SEM; N = 3). (C) Chromosomal aberrations of U2OS cells 

exposed to MMC; 50 metaphases were analyzed per condition (mean ± SD; N = 2; ***P < 
0.001, nonparametric t test, all tested against the siCTRL treated with MMC). (D) As in (E), 

except that either U2OS or U2OS/GFP-SLF1 cells were used (mean ± SD; N = 2; ***P < 

0.001, *P < 0.05, nonparametric t test). (E and F) Proliferation of PSNG13 or PSNF5 cells 

(mean ± SD; N = 3). See also fig. S10D. (G) U2OS were exposed to ultraviolet (UV) 

irradiation. After 6 hours, extracts were analyzed by immunoblotting with antibodies to 

PCNA and MCM6. (H) U2OS/GFP-polη cells were treated as in (G) and analyzed by 

confocal microscopy. Scale bar, 10 μm. (I) Model of RAD18-SLF1-SLF2-mediated 

recruitment of the SMC5/6 complex to damaged DNA.
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