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Abstract

Purpose/Objective(s)—Clinical proton beam therapy has been based on the use of a generic 

relative biological effectiveness (RBE) of ~1.1. However, emerging data suggest that Fanconi 

Anemia (FA) and homologous recombination pathway defects may lead to a variable RBE, at least 

in-vitro. Here, we investigated the role of SLX4 (FANCP), which acts as a docking platform for 

the assembly of multiple structure-specific endonucleases, in the response to proton irradiation.

Methods and Materials—Isogenic cell pairs for the study of SLX4, XPF/ERCC1, MUS81, and 

SLX1 were irradiated at the mid-Spread-Out Bragg Peak of a clinical proton beam (linear energy 

transfer, 2.5 keV/μm) or with 250 kVp X-rays, and clonogenic survival fractions (SF) were 

determined. To estimate the RBE of protons relative to Cobalt-60 photons (Co60eq), we assigned a 

RBE(Co60Eq) of 1.1 to X-rays to correct the physical dose measured. Standard DNA repair foci 

assays were employed to monitor damage responses, and cell cycle distributions were assessed by 

flow cytometry. The PARP inhibitor olaparib was used for comparison.

Results—Loss of SLX4 function resulted in an enhanced proton RBE(Co60Eq) of 1.42 

compared to 1.11 for wild-type cells (at SF=0.1, p<0.05) which correlated with increased 

persistent DNA double-strand breaks in cells in S/G2 phase. Genetic analysis identified the SLX4-

binding partner MUS81 as a mediator of resistance to proton radiation. Both proton irradiation and 

olaparib treatment resulted in a similar prolonged accumulation of RAD51 foci in SLX4/MUS81-

deficient cells, suggesting a common defect in the repair of DNA replication fork-associated 

damage.
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Conclusions—A defect in the FA pathway at the level of SLX4 results in hypersensitivity to 

proton radiation, which is at least in part due to impaired MUS81-mediated processing of 

replication forks that stall at clustered DNA damages. In-vivo and clinical studies are needed to 

confirm these findings in human cancers.

Introduction

Clinical proton beam therapy has been based on the use of a generic relative biological 

effectiveness (RBE) of ~1.1 relative to Cobalt-60 reference radiation (Co60Eq) [1]. Clinical 

experience suggests that a proton RBE(Co60Eq) of 1.1 is likely reasonably accurate for 

normal tissues [2-4]. However, there remains very little data on proton RBE variations in 

human cancers which frequently harbor alterations in DNA repair pathways [5,6]. The exact 

frequencies of genetic/epigenetic defects in DNA damage response and repair genes in 

human cancers remain to be established but it has been postulated that alterations exist in 

most if not all human cancers [7].

Homologous recombination repair (HRR), which depends on BRCA1 and BRCA2, is a 

major pathway for the repair of DNA double-strand breaks [6]. HRR is also involved in the 

repair and restart of collapsed DNA replication forks where it converges with the Fanconi 

Anemia (FA) pathway of replication fork maintenance and repair to form a common FA/

BRCA pathway [6,8]. Recent observations have implicated mutations in BRCA1 (FANCS) 

and the RAD51 (FANCR) recombinase in the pathogenesis of FA, further solidifying the 

notion of a single pathway [9,10]. Altogether, there are now at least 17 FA genes [8]. Of 

interest is a recently identified member, SLX4 (FANCP), which is involved in the assembly 

of several structure-specific endonucleases with functions in the incision of DNA lesions at 

stalled forks as well the resolution of HRR intermediates [11-14]. FA/BRCA defects are 

found in several human cancer types including lung cancer (up to 20-30%) and SLX4 

mutations are seen in about 5% of lung squamous cell cancers [6,15,16]. To our knowledge, 

there have been no studies investigating the role of SLX4 in the cellular response to ionizing 

radiations.

We recently demonstrated a variable proton RBE in a diverse panel of human lung cancer 

cell lines, with the most sensitive cell lines yielding RBE(Co60Eq) estimates of 1.31-1.77 

for a clonogenic survival fraction (SF) of 0.5 at the center of the Spread-Out Bragg Peak 

(SOBP) [5]. In several cell lines, the increased RBE was correlated with defects in the FA/

BRCA pathway, and comparisons in isogenic models for FANCA, BRCA1, and FANCD2 

confirmed these findings. Similarly, data from another group recently revealed the 

importance of RAD51 and BRCA2 (FANCD1) for the repair of proton induced DNA 

damage [17,18]. Together, these observations suggest that defects in the FA/BRCA pathway 

may render the affected tumor cells hypersensitive to the slightly more complex clustered 

DNA damages caused by protons compared to other low linear energy transfer (LET) 

radiations, resulting in a RBE(Co60Eq) > 1.1. In contrast, repair-proficient tumor (and 

normal) cells remove proton- and photon-induced damages almost equally well, reflected by 

a RBE of 1.1.
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The specific repair protein requirements at sites of replication forks colliding with clustered 

DNA damages caused by protons remain to be defined. Here, we asked whether loss of 

SLX4, which is downstream of FANCD2 [19,20], results in an increased cellular sensitivity 

to proton radiation as used in the clinic.

Materials and Methods

Cell lines and culture

Immortalized human fibroblasts derived from a FA complementation group P patient with 

bi-allelic SLX4 mutations or derivates complemented with wild-type protein or dissociation-

of-functions mutants were a kind gift from Dr. A Smogorzewska, Rockefeller University, 

New York, NY [11]. These mutants were deleted (Δ) for either one of three interaction 

domains: ΔXPF (MLR), ΔMUS81 (SAP), or ΔSLX1 (SBD). Cells were grown in Dulbecco's 

modified Eagle's medium (DMEM) (Sigma-Aldrich) with 1 μg/ml puromycin and 20% 

Bovine Growth Serum (BGS) (HyClone, South Logan, Utah). Immortalized mouse 

embryonic fibroblasts (MEF) derived from Mus81 wild-type (+/+) or deficient (−/−) mice 

were kindly provided Drs. R. Hakem and P. McPherson, University of Toronto, Toronto, 

Canada [21]. Cells were maintained in DMEM with 1 μg/ml puromycin. Chinese hamster 

ovary (CHO) cell lines AA8 and the ERCC1-mutant line UV20 were cultured in modified 

McCoy's 5a medium (Gibco, Carlsbad, CA). All cell lines were maintained in a humidified 

incubator at 37°C and 5% CO2, with 10% BGS, 20 mM HEPES, 1% Streptomycin-

Penicillin and 2 mM L-Glutamine (Sigma-Aldrich, St. Louis, MO) supplemented to the 

medium. Cells were tested mycoplasma free (MycoAlert, Lonza, Walkersviller, MD) and 

used within 10 passages, with 2-3 passages per week, for all experiments after resuscitation.

Irradiation and dosimetry

Irradiation conditions for proton, X-ray, and Cs-137 γ-ray treatments, as well as dosimetric 

validation, were described in detail previously [5]. Briefly, cells were irradiated either at 

mid-SOBP using a clinical set-up with a dose rate of 1.7 Gy/min, by Cs-137 γ-rays delivered 

at 2.4 Gy/min, or by X-rays produced by a Siemens Stabilipan 2 X-ray generator, which was 

operated at 250 kVp and 12 mA with a half-value layer of 0.5 mm Cu. A dose rate of 1.6 

Gy/min was defined at 50 cm SSD with full backscatter for the treatment of adherent cells. 

The X-ray unit was calibrated according to the AAPM's TG61 using a 0.6cc Farmer-type 

ionization chamber and electrometer. X-ray output was confirmed three times over the 

course of the past year and found to be constant.

Drug treatments

Olaparib was purchased from LC Laboratories (Woburn, MA, USA), and dissolved in 

Dimethyl Sulfoxide (DMSO, Sigma-Aldrich) to generate a stock concentration at 10 mM. It 

was aliquoted and stored at −70°C with protection from light for a maximum of 6 weeks. 

Cells were treated with olaparib at indicated concentrations in experiments without wash-

off.
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Clonogenic assay

Standard colony formation assays were performed as described in detail previously [5]. 

Briefly, exponentially growing cells were harvested, diluted to the appropriate densities in 

single cell suspension, and plated into flasks for attachment 8 hours prior to irradiation. 

Samples for irradiation with x-rays, γ-rays or protons were prepared in parallel for 

irradiation on the same day. Culture vessels were incubated for 8-24 days, and colonies with 

>50 viable cells were scored.

Flow cytometry

Standard protocol for cell cycle analysis using the DNA dye propidium iodide (Sigma-

Aldrich) for flow cytometry was used. Cells in exponential growth were prepared for mock 

control, X-ray, or proton irradiation in parallel. Cells were collected and washed twice with 

phosphate-buffered saline (PBS). Single cell suspension in PBS was made and then fixed in 

1% paraformaldehyde (PFA) and 80% ice-cold ethanol. Cells were kept in −20°C until 

analysis. Cells were also co-stained with γ-H2AX antibody (Millipore, Temecula, CA). 

Ethanol fixative was removed, and cells were permeabilized with 0.5% Triton X-100 

(Sigma-Aldrich) in PBS. Following blocking in 5% goat serum (Sigma-Aldrich) for 30 min, 

cells were incubated with γ-H2AX antibody for 2 hours at room temperature. After twice 

washing in PBS, cells were incubated in Alexa-488 conjugated secondary antibody 

(Invitrogen, Carlsbad, CA) for 1 hour. 1 mg/ml RNAse and 500 μg/ml propidium iodide (PI) 

were added, and then cells were analyzed using a LSRII flow cytometer (BD Biosciences, 

San Jose, CA, USA). Data were analyzed using FlowJo software (FlowJo, LLC; Ashland, 

OR). Cells were gated into subpopulations according to their cell cycle phase indicated by PI 

staining of DNA content. Gates in untreated cells were set to minimize baseline γ–H2AX 

signal. Background signal was subtracted from the increased signal observed in irradiated 

samples.

Immunofluorescence microscopy

Staining and quantification of DNA damage repair foci was performed as previously 

described [5,16]. Briefly, cells were plated on chamber slides with appropriate cell density to 

ensure subconfluence before fixing. They were fixed with 4% PFA for 10 min, 

permeabilized with 0.5% TritonX-100 for 15 min, and blocked with 5% goat serum in PBS 

0.1% TritonX-100 for 30 min (all Sigma-Aldrich). Cells were then incubated with γ-H2AX 

mouse monoclonal antibody (Millipore, Temecula, CA) at 1:500 dilution, or RAD51 rabbit 

polyclonal antibody (Santa Cruz, Dallas, Texas) at 1:200 dilution followed by incubation 

with mouse or rabbit Alexa-488 conjugated secondary antibody (Invitrogen, Carlsbad, CA) 

at 1: 1,000, respectively. All slides were counterstained with DAPI (4',6-diamidino-2-

phenylindole), examined and photographed by fluorescence microscopy (Olympus BX51, 

Center Valley, PA).

Statistical analysis

The data were analyzed by GraphPad Prism 6 (GraphPad Software, La Jolla, CA). Log 

transformed survival fractions were fitted using the Linear-Quadratic (LQ) formula with 

weighting to 1/Y2. RBE was defined as the ratio of the physical doses of reference radiation 
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and protons that yield a clonogenic survival fraction (SF) of 0.1 or 0.5. Individual RBE 

values were taken from the LQ fitted survival curves in each independent repeat experiment 

and averaged to report a mean RBE. To estimate proton RBE values relative to Co60 γ-rays, 

proton RBE values measured with X-rays as reference in individual repeats were multiplied 

with a factor of 1.1 and then averaged. All statistical comparisons were performed with the 

student's T-test. P-values of ≤ 0.05 (two-sided) were considered statistically significant. All 

data were typically based on three independent repeat experiments.

Results

SLX4 mutation causes sensitivity to proton radiation

To study the role of SLX4 in determining cellular resistance to proton radiation, we 

employed a previously established experimental set-up where cells are irradiated at the mid-

SOBP of a clinical proton beam (dose-averaged LET, 2.5 keV/μm) or with 250 kVp X-rays 

(~2.0 keV/μm) [5]. Cellular radiosensitivity was determined by standard colony formation 

assays. Reproducibility of prior results with this set-up was confirmed (Supplementary Fig. 

S1A). Human fibroblasts defective for SLX4 that have been derived from a FA-P patient 

displayed a greater X-ray sensitivity than fibroblasts complemented with wild-type SLX4, 

for example, SF2Gy of 0.31 versus 0.53, respectively (Supplementary Fig. S1B). 

Furthermore, SLX4-deficient cells were significantly more sensitive to protons than to X-

rays (RBE(X-rayEq)= 1.29 for SF=0.1) in contrast to SLX4 wild-type cells (RBE=1.01) 

(Fig. 1A, Supplementary Fig. S2A).

Because X-rays have a RBE(Co60Eq) of 1.1-1.15 [22,23], we adjusted the RBE(X-rayEq) 

values using a conservative multiplier of 1.1 to derive RBE(Co60Eq) values for protons. 

This revealed average RBE(Co60Eq) values of 1.42 and 1.1 at SF=0.1 for SLX4 deficient 

and wild-type cells, respectively (Fig. 1B). Direct comparison with Cs-137 γ-rays, which 

have LET and RBE values that are close to Co60 γ-rays, confirmed these estimates 

(Supplementary Fig. S2B).

Function of SLX4 in the repair of proton damage to DNA is mediated through MUS81

Next, we employed a panel of FA-P fibroblasts expressing dissociation-of-function SLX4 

deletion mutants where binding either to XPF (ERCC4/FANCQ), MUS81, or SLX1 was 

abolished (see Materials and Methods) (Fig. 2A). Only the SLX4-ΔMUS81 mutant was 

associated with increased cellular sensitivity to protons, i.e., RBE(Co60Eq) of 1.26 at 

SF=0.1 (Fig. 2B), while binding of neither XPF nor SLX1 to SLX4 was required in the 

proton response. We confirmed these observations by employing MEFs either wild-type 

(RBE(Co60eq)=1.1) or null for Mus81 (RBE(Co60Eq)=1.29), as shown in Fig. 2C. In 

contrast, the absence in CHO cells of functional ERCC1, the binding partner of XPF, did not 

lead to increased sensitivity to protons compared to ERCC1 wild-type cells (Fig. 2D). Of 

note, all SLX4 dissociation-of-function mutants were more resistant to X-rays than cells 

lacking SLX4 function (Supplementary Figure S1B). Taken together, the data in Fig. 2 

establish that the repair of proton radiation damage to DNA by SLX4 is at least in part 

mediated by MUS81, which is known to process stalled replication forks and resolve HRR 

intermediates [13,21,24].
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Similar phenotype of proton- and olaparib-treated SLX4/MUS81-deficient cells

We previously reported that cells deficient in FANCD2, which is a binding partner of SLX4, 

unexpectedly displayed increased numbers of RAD51 foci at ≥18 hours following proton 

compared to X-irradiation [5]. Fig. 3A shows a similar observation made in SLX4 deficient 

cells. The observed increase in RAD51 foci was not due to a difference in cell cycle 

distribution between X- and proton-irradiated cells (Fig. 3B). When we evaluated our panel 

of SLX4 dissociation-of-function mutants we observed an analogous persistence of RAD51 

foci only in cells expressing SLX4-ΔMUS81 (Fig. 3C), which correlated with an 

accumulation of DSB (Fig. 3D) and the previously found RBE increase (Fig. 2B). 

Interestingly, this phenotype mirrored the observed hypersensitivity of SLX4 deficient and 

SLX4-ΔMUS81 expressing cells to olaparib (Fig. 4A) and the corresponding over-

accumulation of RAD51 foci (Fig. 4B). Together, these data suggest that HRR is either 

aberrant or is initiated properly but blocked at a late stage in proton-irradiated SLX4/MUS81 

deficient cells, thereby leading to genotoxicity.

Discussion

We report that SLX4, which acts as a docking platform for the assembly of multiple 

structure-specific endonucleases, is important for the cellular response to proton induced 

DNA damage (Fig. 1A,B). Through genetic analysis we show that the SLX4 binding partner 

MUS81 mediates or at least contributes to this function (Fig. 2A-C). MUS81 has been 

implicated in the processing of stalled replication forks following protracted treatment with 

the crosslinker mitomycin C and at sites of single-stranded DNA lesions [11,25]. In the latter 

scenario, this activity is likely needed to avoid the conversion of single-stranded lesions into 

DSB in cells treated with topoisomerase I or PARP inhibitors [11,24]. We hypothesize that 

clustered damages caused by protons are more complex than those produced by X-rays and 

contain protruding single-stranded lesions that induce fork reversal. Loss of MUS81 

function will result in persistent DSB, either through fork collapse or failed repair of lesions 

within the damage cluster, as demonstrated by γ-H2AX foci accumulating in the S/G2 

phases of the cell cycle (Fig. 1D). Subsequently, RAD51 filaments may accumulate either in 

an attempt to protect the stalled replication forks, as has been shown for example by Jasin 

[26], or to participate in futile HRR. This interpretation is supported by the observed similar 

phenotypes of proton- and olaparib-treated SLX4/MUS81-defective cells. Furthermore, we 

previously found that loss of FANCD2, which binds SLX4, resulted in a similar 

accumulation of DSB and RAD51 foci after proton irradiation and olaparib treatment [5,27].

Another possibility to consider is that the accumulation of RAD51 foci represents an 

impaired resolution of HRR intermediates given the reported Holliday junction resolvase 

function of MUS81/EME1 [12,13]. If proton induced damages require HRR for repair more 

frequently than X-ray induced lesions, for the same dose of radiation, then impaired 

resolvase activity will lead to persistent and genotoxic recombination intermediates. This 

may hold true for complete loss of SLX4 which will impair more than just one resolvase. 

However, loss of MUS81 alone may be compensated by other resolvases such as SLX1 and 

GEN1. Furthermore, there is no change in X-ray sensitivity upon loss of MUS81 activity 

(Fig. 2C, Supplementary Fig. S1B) [25], strongly arguing against a role of MUS81 in the 
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resolution of HRR intermediates after irradiation. We, therefore, favor a role for MUS81 that 

is upstream of clustered damage repair. Thus the increased proton sensitivity observed here 

is likely not due to a bona fide HRR defect.

Our study adds to an emerging body of data that implicates a number of FA and HRR genes 

in the repair of proton damage to DNA. The estimated RBE(Co60Eq) values at SF=0.1 are 

in the range of 1.20-1.47 (mean, 1.33) at mid-SOBP, as shown in Fig. 5. For SF=0.5, where 

the estimates tend to be less robust but are more relevant for the clinically administered daily 

dose of ~ 2 Gy, we generally derive higher values depending on the shoulder region of the 

respective survival curves, such as 1.34-1.77 for BRCA1 loss and 1.52 for SLX4 (Fig. 1B) 

[5]. Of note, a recent study did not find increased proton sensitivity in HRR-deficient CHO 

cells [28]. In that report cells were trypsinized right after irradiation and seeded for colony 

formation, in contrast to studies by us and others [5,17,18]; however, more data are needed 

for a better understanding of these differences.

The clinical significance of the increased in-vitro RBE estimates is that, if they can be 

confirmed in appropriate in-vivo experiments, proton beam radiation for cancers with a 

defective FA or HRR pathway may lead to an enhanced therapeutic ratio. This would 

represent a novel biological benefit of protons in tumors, in addition to the known dosimetric 

advantage with regard to normal tissue sparing. We stress that in-vivo and clinical data are 

urgently needed to validate the RBE increases observed invitro and identify predictive 

biomarkers of increased sensitivity to fractionated proton radiation treatment in patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

Clinical proton beam therapy has been based on the use of a generic RBE =1.1. However, 

emerging evidence suggests that defective DNA repair as found in many cancers yields a 

variable RBE. We show that SLX4, which acts as a docking platform for the assembly of 

structure-specific endonucleases, is required for DNA repair and survival after proton 

irradiation. This function is at least partially mediated through MUS81. Findings support 

a “new biology” for proton radiation.
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Fig. 1. 
Role of SLX4 for cellular resistance to proton radiation. (A) Clonogenic cell survival curves 

for immortalized human fibroblasts with bi-allelic SLX4 mutations (mut) or complemented 

with wild-type (wt) protein. Data points represent means of log transformed survival 

fractions +/− standard error (SE). (B) Estimated proton RBE values relative to Co60 γ-rays 

(Co60Eq). To convert the measured proton RBE(X-rayEq) in Panel A to RBE(Co60Eq), we 

used a multiplicator of 1.1, based on published data that orthovoltage X-rays have a 

RBE(Co60Eq) of 1.1-1.15 [22,23]. The purpose of this conversion is to report clinically 

relevant proton RBE values. We note that a 1.1 multiplier is an oversimplification as the 

RBE of X-rays compared to Co60 γ-rays may differ along the survival curve and between 

cell lines. SF, survival fraction. (C) Fraction of cells with ≥ 20 foci at 18 hours after 6 Gy 

irradiation with X-rays (X) or protons (P). Bars represent means +/− SE. (D) Fractions of 

cells with high γ-H2AX signal using flow cytometry 18 hours after 6 Gy irradiation. *, 

p≤0.05, paired T-test.
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Fig. 2. 
Role of SLX4 associated endonuclease complexes for cellular resistance to protons. (A) 

Simplified schema of SLX4 protein illustrating binding of structure-specific endonucleases. 

(B) Clonogenic survival curves for SLX4-deficient fibroblasts complemented with 

dissociation-of-function mutants, analogous to Fig. 1A. (C) Clonogenic survival curves for 

MEFs either wild-type (wt) for Mus81 or with biallelic deletion (del). (D) Analogous 

survival curves for CHO cells wither wt or mutant (mut) for ERCC1. **, p≤0.01, paired T-

test.
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Fig. 3. 
RAD51 foci formation in SLX4/MUS81 defective cells. (A) Left panel, representative 

images of subnuclear RAD51 foci in SLX4 cells with bi-allelic mutations (mut) or cells 

complemented with wild-type (wt) protein. Right panel, quantification of results showing 

the fraction of cells with at least 10 foci at 18 hours after 6 Gy irradiation with either X-rays 

(X) or protons (P). Foci in untreated cells were subtracted. Various foci number cut-offs to 

define a positive cell were explored (> 5, 10, 15, 20) and a cut-off of 10 provided the best 

discrimination consistent with published data ref. Bars represent means +/− SE. (B) Cell 

cycle distributions determined in parallel to the foci experiments in panel A. (C) Analysis of 

RAD51 foci formation in the SLX4 dissociation-of-function mutants analogous to panel A. 

(D) Parallel analysis of γ-H2AX foci formation analogous to panel 1C. *, p≤0.05, paired T-

test.
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Fig. 4. 
PARP inhibitor phenotype of SLX4 mutant cell lines. (A) Clonogenic survival curves for 

SLX4 mutant (mut), wild-type (wt), and the dissociation-of function mutant cell lines treated 

with olaparib at the concentrations indicated. (B) Fraction of cells with at least 10 RAD51 

foci after 32 hours of olaparib treatment (5 μM). Foci in untreated cells were subtracted. 

Bars represent mean +/− SE. *, p≤0.05, T-test.
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Fig. 5. 
Compilation of published RBE values resulting from disruptions in the FA pathway and 

related genes. Data points are taken from this report and references [5] and [17]. Cumulative 

data point represents mean with 95% confidence intervals. SF, survival fraction
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