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Abstract

Mono-ubiquitination of Fancd2 is essential for repairing DNA inter-strand crosslinks (ICLs) but 

the underlying mechanisms are unclear. The Fan1 nuclease, also required for ICL repair, is 

recruited to ICLs by ubiquitinated (Ub)-Fancd2. This could in principle explain how Ub-Fancd2 

promotes ICL repair, but we show recruitment of Fan1 by Ub-Fancd2 is dispensable for ICL 

repair. Instead Fan1 recruitment – and activity –restrains DNA replication fork progression, and 

prevent chromosome abnormalities from occurring, when DNA replication forks stall. 

Accordingly, Fan1 nuclease-defective knockin mice are cancer-prone. Moreover, we show that a 

Fan1 variant in high-risk pancreatic cancers abolishes recruitment by Ub-Fancd2, and causes 

genetic instability without affecting ICL repair. Therefore, Fan1 recruitment enables processing of 

stalled forks that is essential for genome stability and health.

ICLs block DNA replication. Defects in repairing ICLs are implicated in Fanconi anemia 

(FA), a rare autosomal recessive disease typified by hypersensitivity to ICL-inducing agents 

such as mitomycin-C (MMC) or diepoxybutane (DEB), exaggerated G2 arrest and increased 

chromosome abnormalities after exposure to these agents (1). FA is caused by mutations in 

any of the nineteen Fanc proteins, comprising the FA network (2). The mono-ubiquitination 

of Fancd2 at Lysine-561 is essential for ICL repair, but the underlying mechanisms are 

unclear (2, 3). The Fan1 nuclease is recruited to ICLs in S-phase via the interaction between 

its ubiquitin-binding (UBZ) domain and ubiquitinated (Ub-) Fancd2 (4-7). However, 

mutations in Fan1 do not cause FA as might be expected, but rather lead to karyomegalic 

interstitial nephritis (KIN) (8), suggesting that Fan1 and Fancd2 play distinct roles in ICL 

repair. Therefore, the functional significance of the Fan1/Ub-Fancd2 interaction is unclear, 

and we took several approaches to address this problem.
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First we tested the ability of UBZ-mutated Fan1 (UBZ*) to recue the MMC sensitivity of 

human U2OS Fan1−/− cells (9). Mutating two conserved residues (C44A+C47A) in the Fan1 

UBZ domain that abolishes foci (4) fully rescued the MMC hypersensitivity of Fan1−/− cells 

(Fig. 1A; Fig. S1A). Embryonic fibroblasts (MEFs) from Fan1 nuclease-defective (nd) mice 

harboring a deletion of the last 41 amino acids of Fan1, including key catalytic residues 

(Figs. S2, S3; mice described in Supplemental Information), were hypersensitive to MMC 

(Fig. 1B). The murine Fan1 UBZ* mutant fused to GFP, expressed at roughly 4-times the 

level of endogenous Fan1, failed to form foci (Figs. S1B-D) but rescued the MMC 

hypersensitivity of Fan1nd/nd MEFs (Fig. 1B). These data suggest that the recruitment of 

Fan1 by Ub-Fancd2 is dispensable for ICL repair. Furthermore, we found that the UBZ-

mutated Fan1 fully rescued the exaggerated G2 arrest seen in Fan1nd/nd MEFs (Fig. 1C), but 

failed to rescue the increase in chromosome abnormalities (radial structures and chromatid 

breaks) induced by MMC (Fig. 1D).

Fan1nd/nd MEFs also showed a high level of chromosome abnormalities in response to fork-

stalling agents such as methymethanesulfonate (MMS; Fig. S4) and hydroxyurea (HU; Fig. 

2A) which cause base alkylation and nucleotide depletion, respectively. The increase in 

chromosome abnormalities in Fan1nd/nd MEFs induced by HU were not reversed by the 

Fan1 UBZ* mutant (Fig. 2A). These data indicate Fan1 nuclease activity and interaction 

with Ub-Fancd2 prevent chromosome abnormalities at stalled forks independent of ICL 

repair. This is consistent with Fancd2 null cells showing high levels of chromosome 

abnormalities after exposure to HU (10), but the requirement of ubiquitination was not 

investigated. We found that the non-ubiquitinatable mouse Fancd2 K559R mutant was 

unable to rescue the high levels of chromosome abnormalities induced by MMC or HU in 

Fancd2−/− MEFs (Figs. 2B, S5A), consistent with the idea that interaction of Fan1 with Ub-

Fancd2 is required for this response. However, Ub-Fancd2 and Fan1 may prevent 

chromosome abnormalities at stalled forks by different mechanisms. To address this point 

we crossed Fan1nd/nd mice with Fancd2−/− mice to generate double mutants. As shown in 

Fig. 2C, the level of HU-induced chromosome abnormalities in MEFs from Fan1nd/nd 

Fancd2−/− double mutant mice was not higher than in the respective single mutants, 

suggesting that Fan1 and Fancd2 are epistatic in this respect. Therefore the Fan1/Ub-Fancd2 

interaction, and Fan1 nuclease activity, is required for preventing chromosome abnormalities 

when forks stall, and this role is independent of ICL repair.

As well as preventing chromosome abnormalities, Fancd2 has been implicated in restraining 

progression of forks that stall after exposure to HU (11). We set out to test if Fan1 plays a 

similar role using DNA fiber analysis. Primary MEFs were pulsed with CldU followed by 

IdU with or without HU, and IdU track length was measured (Fig. 3A). Fancd2−/− MEFs 

had substantially longer IdU tracks in HU than wild type MEFs (11), and a similar effect 

was seen in Fan1nd/nd MEFs (Fig. 3B). Tracks from Fan1nd/nd Fancd2−/− double mutant 

MEFs were not longer than in the respective single mutant cells, implying epistasis (Fig. 

3B). No differences in track length were observed in the absence of HU (Fig. S5B). 

Consistent with the fiber data, we observed more DNA synthesis in Fan1nd/nd MEFs exposed 

to HU than in Fan1+/nd MEFs, judged by FACS analysis of EdU incorporation (Fig. S6). 

Thus, Fancd2 and Fan1 restrain the progression of stalled forks, and we next tested if their 

interaction is required. Fancd2−/− MEFs expressing the Fancd2 K559R mutant had 
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substantially longer IdU tracks in HU than cells expressing Fancd2 (Fig. 3C). Furthermore, 

we found that the Fan1 UBZ* mutant failed to restore normal track length in HU-treated 

Fan1nd/nd MEFs, in contrast with wild-type Fan1 (Fig. 3D). Accordingly, U2OS Fan1−/− 

cells had longer replication tracks in HU than parental cells and neither the Fan1 UBZ* 

mutant nor the nuclease-dead mutant rescued this defect (Fig. 3E). Together these data show 

that the Fan1/Ub-Fancd2 interaction restrains the progression of stalled forks, a function that 

also requires Fan1 nuclease activity.

Bi-allelic mutations in Fancd2, or genes that promote Fancd2 ubiquitination, cause FA, 

typified by cancer predisposition (1, 2). We speculated therefore that Fan1 defects might also 

cause cancers. No tumors were observed in Fan1nd/nd mice at 6 months (data not shown), but 

by 20 months around 85% of Fan1nd/nd mice developed cancers; no malignancies were 

evident in age-matched Fan1+/+ mice (Fig. 4A). Pulmonary carcinomas, epithelial-type 

cancers similar to those reported in FA patients and Fancd2−/− mice (12), were observed in 

28% of the mice, while 57% developed lymphoma (Fig 4A,B). These data suggest that Fan1 

nuclease activity is a tumor suppressor, at least in mice.

As suppression of chromosome abnormalities by Fan1 requires interaction with Ub-Fancd2 

as well as Fan1 nuclease activity, we postulated that mutations in the human Fan1 UBZ 

domain might cause cancers. Whole exome sequencing recently identified a recurrent 

germline Fan1 variant, M50R, occurring at a relatively high frequency in high-risk 

pancreatic cancers (13). The M50R Fan1 variant, which co-segregates with pancreatic 

cancer in two separate families, is a strong candidate pancreatic cancer predisposition gene. 

M50 lies in the UBZ domain of Fan1 (Fig. 4C). Similar to the UBZ* mutation (C44A

+C47A), the Fan1 M50R mutation abolished Fan1 foci but rescued the MMC sensitivity of 

U2OS Fan1−/− cells (Figs. 4D,E). The M50R mutant failed, however, to prevent 

chromosome abnormalities induced by HU or MMC in Fan1−/− cells (Fig. 4F). Moreover, 

expression of wild-type Fan1 in Fan1−/− cells restored normal track length in HU, but the 

Fan1 M50R mutant failed to do so (Fig. 4G). Therefore, the Fan1 M50R variant associated 

with high-risk pancreatic cancers causes unrestrained replication fork progression and 

chromosomal instability known to drive carcinogenesis.

In this study we made the unexpected finding that although Ub-Fancd2 recruits Fan1 to ICL-

blocked replication forks, this is not required for ICL repair judged by MMC sensitivity and 

G2 arrest. Instead Fan1 recruitment it is vital for protective responses when forks stall even 

in the absence of DNA crosslinks. Cells defective in Fan1 recruitment, or activity, show a 

high frequency of chromosome abnormalities and increased fork rate, when forks are forced 

to stall. The mechanisms underlying these defects are not yet clear but cells depleted of the 

HLTF tranlocase or RAD51 recombinase, which both drive fork reversal, show longer 

replication tracks in HU similar to Fan1-defective cells (14, 15). Therefore the Fan1 activity 

might promote fork reversal but this remains to be tested. It is not yet clear if the 

chromosome abnormalities seen after fork stalling in Fan1-defective cells are related to the 

increased fork speed, or if they arise independently. It seems counter-intuitive, perhaps, that 

a nuclease activity is required to prevent chromosome breaks at stalled forks. One potential 

explanation is that Fan1 cleaves stalled forks in a way that enables replication to resume 

after fork stalling, consistent with a recent report that Fan1 promotes replication fork 

Lachaud et al. Page 3

Science. Author manuscript; available in PMC 2016 August 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



recovery (16). Failure of Fan1-mediated fork processing may result in the persistence of 

structures that are cleaved inappropriately by other nucleases leading to forks breaking in a 

way that is refractory to repair.

Our observations that Fan1 nuclease activity and interaction with Ub-Fancd2 prevent cancers 

prompt future investigations as to whether cancer predisposition associated with FA might 

be caused by defective fork processing as opposed to defective ICL repair. Identifying a 

separation of function Fan1 mutant affecting ICL repair but not stalled fork processing 

would be valuable for these efforts. Besides pancreatic cancer, germline mutations in Fan1 

have been identified in colon cancer (17). Loss of heterozygosity (LOH) has not been 

observed in tumours from the M50R carriers, or in Fan1-muated colon cancers (13, 17). 

Epigenetic inactivation of Fan1, haplo-insufficiency, or dominant negative effects may 

provide explanations but these ideas remain to be investigated. KIN caused by biallelic Fan1 

mutations is very rare disease but early onset cancers were reported in two affected families 

(17). These reports, together with the present study, are consistent with Fan1 acting as a 

tumor suppressor with multiple roles in genome maintenance vital for preventing human 

diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Fan1 UBZ domain is not required for efficient ICL repair
A. U2OS Fan1−/− cells stably expressing GFP-tagged Fan1 or Fan1 C44A+C47A (UBZ*), 

exposed to the concentrations of MMC indicated, were subject to clonogenic survival 

assays. For each cell population, viability of untreated cells is defined as 100%. B. 
Clonogenic survival analysis of Fan1nd/nd MEFs stably expressing GFP-tagged murine Fan1 

or Fan1 UBZ* mutant. Wild-type MEFs were used as control. C. FACS analysis of DNA 

content in Fan1nd/nd MEFs stably expressing GFP- Fan1 or GFP-Fan1 UBZ* mutant after 

exposure to MMC for 24 h. Wild-type MEFs (Fan1+/+) with empty vector were used as 
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control. D. The number of chromosome abnormalities per metaphase in spreads of MEFs 

exposed to MMC. Data in A and B are represented as mean ± SD. In D., significance was 

calculated using one-way ANOVA (****, p < 0.0001) followed by Bonferroni’s Multiple 

Comparison Test.
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Fig. 2. Fan1 nuclease and Ub-Fancd2 interaction prevent chromosome abnormalities at stalled 
forks
After exposure of cells to HU or MMC as indicated, metaphase spreads were prepared and 

the number of chromosome abnormalities (radial strucutres and chromatid breaks) was 

quantitated. The following cells were analysed: A. Fan1+/+ MEFs infected with empty virus, 

and Fan1nd/nd MEFs complemented with GFP-tagged Fan1 wild-type (WT), Fan1 UBZ* 

mutant or empty virus. B. Fancd2−/− MEFs infected with empty virus, or virus expressing 

mCherry-Fancd2 or mCherry-Fancd2 K559R. C. MEFs from littermate mice of the 
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genotypes indicated. Statistical significance was calculated using one-way ANOVA (****, p 

< 0.0001) followed by Bonferroni’s Multiple Comparison Test.
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Fig. 3. Fan1 nuclease activity Ub-Fancd2 interaction control progression of stalled forks
A. Fiber labeling protocol. Primary MEFs were pulsed with CldU followed by IdU with HU, 

and IdU track length was measured. B-D. Dot plots of ldU replication tracks in MEFs of the 

genotypes indicated. In B. representative CldU and IdU replication tracks are shown (right 

panels). Cells were infected with viruses expressing the Fancd2 (C) or Fan1 (D) proteins 

indicated. E. Dot plot of IdU replication tracks in U2OS cells, and U2OS Fan1−/− cells 

stably stably transfected with the vectors indicated. “nd” nuclease-defective”. Red lines 
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represent mean track length. Statistical significance was calculated using one-way ANOVA 

(****, p < 0.0001) followed by Bonferroni’s Multiple Comparison Test.
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Fig. 4. Fan1 nuclease activity and interaction with Ub-Fancd2 prevents cancers
A. Incidence of carcinoma and lymphoma in Fan1+/+ and Fan1nd/nd mice at approximately 

20 months of age revealed by genotype-blind whole-body pathological analyses. B. 
Representative images of pulmonary carcinoma and hepatic lymphoma from Fan1nd/nd mice. 

C. Alignment of the UBZ domain of FAN1. Identical residues black, similar residues grey. 

Asterisks denote C44 and C47 residues. Red arrow denotes M50. D. U2OS Fan1−/− cells 

stably expressing the proteins indicated were treated, or not, with MMC or HU and the 

proportion of cells with > 5 GFP–FAN1 foci were counted. E. Clonogenic survival analysis 
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of U2OS Fan1−/− stably expressing the GFP-tagged Fan1 proteins indicated, after exposure 

to the indicated concentrations of MMC for 18 h. F. Chromosome abnormalities in U2OS 

Fan1−/− cells, stably expressing the proteins indicated, after treatment with MMC or HU. G. 
Dot plots of IdU replication tracks in U2OS Fan1−/− cells, stably expressing the GFP-Fan1 

proteins indicated, after exposure to HU. “WT”, wild-type. In D, E. data are represented as 

mean ± SD. In F and G, significance was calculated using one-way ANOVA (****, p < 

0.0001) followed by Bonferroni’s Multiple Comparison Test.
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