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Ubiquitin-like protein UBL5 promotes the
functional integrity of the Fanconi anemia pathway
Yasuyoshi Oka, Simon Bekker-Jensen* & Niels Mailand**

Abstract

Ubiquitin and ubiquitin-like proteins (UBLs) function in a wide
array of cellular processes. UBL5 is an atypical UBL that does not
form covalent conjugates with cellular proteins and which has a
known role in modulating pre-mRNA splicing. Here, we report an
unexpected involvement of human UBL5 in promoting the function
of the Fanconi anemia (FA) pathway for repair of DNA interstrand
crosslinks (ICLs), mediated by a specific interaction with the
central FA pathway component FANCI. UBL5-deficient cells display
spliceosome-independent reduction of FANCI protein stability,
defective FANCI function in response to DNA damage and hyper-
sensitivity to ICLs. By mapping the sequence determinants under-
lying UBL5–FANCI binding, we generated separation-of-function
mutants to demonstrate that key aspects of FA pathway function,
including FANCI–FANCD2 heterodimerization, FANCD2 and FANCI
monoubiquitylation and maintenance of chromosome stability
after ICLs, are compromised when the UBL5–FANCI interaction is
selectively inhibited by mutations in either protein. Together, our
findings establish UBL5 as a factor that promotes the functionality
of the FA DNA repair pathway.
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Introduction

Post-translational modifications (PTMs) of proteins by ubiquitin and

ubiquitin-like modifiers (UBLs) control a wide variety of cellular

processes including protein degradation, DNA repair, transcriptional

regulation and endocytosis (Hochstrasser, 2009; van der Veen &

Ploegh, 2012). The covalent attachment of a C-terminal glycine resi-

due in ubiquitin and UBLs such as SUMO, NEDD8 and ISG15 to

target proteins is catalyzed by an enzymatic cascade involving the

sequential actions of E1 activating enzymes, E2 conjugating enzymes

and E3 ligases (van der Veen & Ploegh, 2012). Ubiquitin-like

protein 5 (UBL5), known as Hub1 in yeast, is an evolutionarily

conserved member of the UBL family that shares a low degree of

sequence similarity with ubiquitin, yet closely resembles it struc-

turally (McNally et al, 2003; Ramelot et al, 2003). However, unlike

other UBLs, UBL5/Hub1 lacks a C-terminal di-glycine motif and is

thus unable to form covalent conjugates with other proteins

(Luders et al, 2003; Yashiroda & Tanaka, 2004). Previous studies

showed that yeast Hub1 interacts non-covalently with the spliceo-

somal protein Snu66 (also termed SART1 in mammals), and this

interaction is critical for alternative splicing of SRC1, the only gene

known to undergo this type of modification in budding yeast

(Mishra et al, 2011). The non-covalent binding of Hub1 to Snu66

is mediated through a salt bridge formed between D22 in Hub1

and a Hub1 interaction domain (HIND) in Snu66 (Mishra et al,

2011). Recent studies demonstrated that the involvement of Hub1

in pre-mRNA splicing is conserved in higher eukaryotes, and that

RNAi-mediated knockdown of UBL5 in human cells compromises

global pre-mRNA splicing efficiency, leading to intron retention

(Ammon et al, 2014; Oka et al, 2014). Among other phenotypes,

the splicing defects arising from depletion of UBL5 or other pre-

mRNA splicing factors manifest as complete loss of mitotic sister

chromatid cohesion, due to mis-splicing of the sister chromatid

cohesion protection factor Sororin (van der Lelij et al, 2014; Oka

et al, 2014; Sundaramoorthy et al, 2014; Watrin et al, 2014). This

defect can be fully relieved by depletion of the cohesion dissocia-

tion factor WAPL. Despite its established role in pre-mRNA splic-

ing in both yeast and human cells, the cellular function of UBL5

may not be limited to this process. For instance, a genome-wide

RNAi-based screen in the nematode C. elegans showed that UBL5

is required for signaling in the mitochondrial unfolded protein

response, through interaction with the transcription factor DVE-1

and upregulation of chaperone genes in response to mitochondrial

stress (Haynes et al, 2007).

Fanconi anemia (FA) is a genetic disorder characterized by

bone marrow failure, predisposition to cancer and congenital

abnormalities (Moldovan & D’Andrea, 2009). Cells derived from

FA patients display chromosomal instability and hypersensitivity

to DNA interstrand crosslink (ICL)-inducing agents (Kottemann &

Smogorzewska, 2013). There are at least 16 FA genes, the prod-

ucts of which function in ICL repair and stabilization of stalled

replication forks (Kottemann & Smogorzewska, 2013; Zhang &
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Walter, 2014). In response to ICLs or replication stress, FANCD2

is monoubiquitylated by the FA core complex, which is

composed of 8 FA proteins (FANCA, FANCB, FANCC, FANCE,

FANCF, FANCG, FANCL and FANCM) and 5 FA-related proteins

(FAAP20, FAAP24, FAAP100, MHF1 and MHF2) (Kottemann &

Smogorzewska, 2013). Monoubiquitylated FANCD2 is relocalized

to genotoxic stress sites, where it coordinates ICL repair in

conjunction with a paralogous protein, FANCI, with which

FANCD2 forms a heterodimer (Kim & D’Andrea, 2012). FANCI is

also monoubiquitylated by the FA core complex following DNA

damage, in a manner dependent on its ATR-dependent phosphory-

lation and FANCD2 (Sims et al, 2007; Smogorzewska et al, 2007;

Ishiai et al, 2008). This cascade of PTMs is required for the

recruitment of FANCI to nuclear foci upon DNA damage. The

monoubiquitylation of FANCI and FANCD2 by the FA core

complex is mutually interdependent in human cells (Sims et al,

2007; Smogorzewska et al, 2007). However, while FANCD2

monoubiquitylation has a pivotal role in the FA pathway, muta-

tion of the corresponding monoubiquitylation site in FANCI only

confers a mild ICL repair defect (Smogorzewska et al, 2007; Ishiai

et al, 2008). FANCI binds directly to the USP1–UAF1 complex,

regulating FANCD2 deubiquitylation (Yang et al, 2011) and confer-

ring site specificity to FANCD2 monoubiquitylation in vitro (Alpi

et al, 2008; Sato et al, 2012; Rajendra et al, 2014).

While it is clear that the FANCD2–FANCI complex has a central

role in ICL repair, the assembly, functions and regulation of this

complex remain only partially understood. Here, we discovered an

unexpected role of UBL5 in supporting the functionality of the FA

pathway, distinct from its canonical function in pre-mRNA splicing.

We show that UBL5 directly binds to and stabilizes FANCI, promot-

ing the integrity of the FANCI-FANCD2 complex to protect cells from

the cytotoxicity of ICLs.

Results

UBL5 interacts with FANCI

Our recent proteomic survey of UBL5-associated proteins revealed

that UBL5 binds to a number of spliceosomal proteins including

SART1, MFAP1 and EFTUD2 in human cells (Oka et al, 2014). In

addition to pre-mRNA splicing components, we identified FANCI

as a major non-spliceosomal UBL5-associated protein (Supplemen-

tary Fig S1A), and we set out to investigate this link in more

detail. First, we validated the UBL5–FANCI interaction in co-

immunoprecipitation experiments, in which endogenous FANCI

could be co-purified with Strep-HA-UBL5 and endogenous UBL5

co-precipitated with GFP-FANCI (Fig 1A and B). Importantly, a

complex between the endogenous UBL5 and FANCI proteins could

also be detected in cells (Fig 1C). We did not observe interaction

between FANCI and SART1 (Supplementary Fig S1B), suggesting

that the association between UBL5 and FANCI does not occur in

the context of the spliceosome. Moreover, unlike the effect of

knocking down SART1 or UBL5 (Oka et al, 2014), depletion of

FANCI did not have a marked impact on global transcriptome

profiles (data not shown). The interaction between UBL5 and

FANCI appeared to be direct as it could be readily observed with

purified components in vitro (Fig 1D; Supplementary Fig S4B), and

occurred independently of FANCD2 in vivo (Fig 1E). We also

assessed whether the UBL5–FANCI interaction was regulated

during the cell cycle and in response to DNA damage. To this

end, we performed pull-down experiments using cells inducibly

expressing Strep-HA-tagged UBL5 and synchronized by a double

thymidine block and release protocol. This revealed that the

UBL5–FANCI interaction was constitutive during the S and G2

phases of the cell cycle and that the ubiquitylation state of FANCI

did not appreciably influence its association with UBL5 (Fig 1F).

Similarly, the UBL5–FANCI interaction was unaffected by treatment

with the ICL-inducing agent mitomycin C (MMC) (Fig 1C;

Supplementary Fig S1C), indicating that it was not regulated in a

DNA damage-dependent manner. Together, these data suggest that

FANCI is a direct cellular binding partner of UBL5 outside the

context of the pre-mRNA splicing machinery.

UBL5 promotes the integrity of the FA pathway

The emerging link between UBL5 and FANCI prompted us to ask

whether UBL5 has a role in the FA pathway. Interestingly, knock-

down of UBL5 by independent siRNAs was accompanied by

strongly reduced expression levels of FANCI and FANCD2, but not

several FA core complex components, including FANCC and

FANCE (Fig 2A; Supplementary Fig S2A). This effect could be

rescued by reintroduction of siRNA-resistant UBL5 (Fig 2B and C),

demonstrating that it was a specific consequence of UBL5 deple-

tion. In contrast, levels of UBL5 were not affected by knockdown of

FANCI (Supplementary Fig S2B). It has previously been shown that

FANCI is required for FANCD2 stability, but not vice versa

(Dorsman et al, 2007; Sims et al, 2007; Smogorzewska et al, 2007),

suggesting that the observed destabilization of FANCD2 in UBL5-

depleted cells may be due to the lower levels of FANCI expression

resulting from UBL5 knockdown. Consistent with the reduced

abundance of FANCI and FANCD2, no detectable accumulation of

FANCI at ICLs induced by UVA laser-activated psoralen or MMC

was evident in UBL5-depleted cells, and FANCD2 monoubiquityla-

tion in response to MMC treatment was impaired (Fig 2D and E;

Supplementary Fig S2C). Based on these observations, we tested

whether knockdown of UBL5 confers cellular sensitivity to ICL-

inducing agents in clonogenic survival assays (Fig 2F). We have

recently shown that knockdown of UBL5 leads to strong induction

of precocious sister chromatid separation in metaphase (Oka et al,

2014). This phenotype can be fully rescued by co-depletion of the

sister chromatid cohesion release factor WAPL, which is prerequi-

site for the continued proliferation and colony formation of UBL5-

depleted cells. Assessing DNA damage sensitivity of cells lacking

UBL5 therefore necessitates concomitant knockdown of WAPL,

which did not in itself confer MMC sensitivity (Fig 2F; Supplemen-

tary Fig S2D). We found that co-depletion of UBL5 and WAPL

significantly sensitized cells to MMC, although to a lesser extent

than did knockdown of FANCI or FANCD2 (Fig 2F; Supplementary

Fig S2D), consistent with the substantial reduction, but not

complete loss, of FANCI and FANCD2 expressions in cells lacking

UBL5. Importantly, the enhanced MMC sensitivity resulting from

depletion of endogenous UBL5 could be fully restored by ectopic

expression of UBL5 in these cells (Fig 2G). We conclude from these

results that UBL5 is important for the functionality of the FA path-

way for ICL repair.
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The role of UBL5 in the FA pathway can be uncoupled from its
pre-mRNA splicing function

Given the established role of UBL5 in modulating pre-mRNA splic-

ing (Ammon et al, 2014; Oka et al, 2014), we next sought to clarify

to which extent UBL5 supports FANCI expression through direct

interaction and indirectly via its involvement in spliceosomal

processes. To this end, we compared FANCI expression levels

after depletion of UBL5 or spliceosomal factors with which it

interacts, including SART1 and EFTUD2. While knockdown of
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Figure 1. UBL5 interacts with FANCI.

A Whole-cell extracts (WCE) of HeLa cells transfected with Strep-HA-UBL5 plasmid were subjected to Strep-Tactin pull-down followed by immunoblotting with FANCI
and HA antibodies.

B Whole-cell extracts (WCE) of HEK293T cells transfected with cDNA encoding GFP-FANCI were subjected to GFP immunoprecipitation followed by immunoblotting
with UBL5 and GFP antibodies.

C Whole-cell extracts (WCE) of HeLa cells treated or not with 0.5 lM mitomycin C (MMC) for 24 h were subjected to immunoprecipitation with FANCI antibody or pre-
immune serum (IgG) followed by immunoblotting with UBL5 and FANCI antibodies.

D Recombinant chicken FANCI (chFANCI) was incubated with His6-SUMO2 or His6-UBL5. Bound proteins were resolved by SDS–PAGE and visualized by colloidal blue
staining.

E HeLa/Strep-HA-UBL5 cells induced or not with doxycycline (DOX) were transfected with non-targeting or FANCD2 siRNAs for 48 h. Whole-cell extracts (WCE) were
subjected to Strep-Tactin pull-down followed by immunoblotting with the indicated antibodies. * non-specific band.

F HeLa/Strep-HA-UBL5 cells induced or not with doxycycline (DOX) were left untreated or synchronized by double thymidine block and released for the
indicated times. Whole-cell extracts (WCE) were subjected to Strep-Tactin pull-down followed by immunoblotting with the indicated antibodies.
* non-specific band.
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Figure 2. UBL5 is required for the integrity of the FA pathway.

A Extracts of HeLa cells transfected with non-targeting control (CTRL) or UBL5 siRNAs for 48 h were analyzed by immunoblotting with the indicated antibodies. * non-
specific band.

B HeLa cells stably expressing a doxycycline-inducible siRNA-resistant form (siR) of Strep-HA-UBL5 were transfected with non-targeting control (CTRL) or UBL5 siRNAs
for 48 h. Cell extracts were analyzed by immunoblotting with FANCI, FANCD2 and b-tubulin antibodies.

C HeLa cells transfected with non-targeting or UBL5 siRNAs were transfected with Strep-HA-UBL5 or siRNA-resistant form (siR) of Strep-HA-UBL5. Cell extracts were
analyzed by immunoblotting with HA and b-actin antibodies.

D HeLa cells transfected with non-targeting control (CTRL) or UBL5 siRNAs and then treated or not with MMC for 15 h were lysed and processed for immunoblotting
with FANCI, FANCD2, UBL5 and b-tubulin antibodies.

E U2OS cells transfected with non-targeting control (CTRL) or UBL5 siRNAs were subjected to laser microirradiation in the presence of trioxsalen, fixed 2 h later and co-
immunostained with FANCI, c-H2AX and cyclin A antibodies. Representative images are shown. Scale bar, 10 lm.

F Clonogenic survival of U2OS cells transfected with indicated siRNAs and exposed to various doses of MMC. Results from at least three independent experiments
(mean � SEM) are shown.

G Clonogenic survival of U2OS/Strep-HA-UBL5(siR) cells treated or not with doxycycline (DOX) to induce expression of the transgenes, transfected with the indicated
siRNAs and then exposed to various doses of MMC. Results from three independent experiments (mean � SEM) are shown.
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each of these factors reduced the expression level of FANCI,

UBL5 depletion consistently had the most pronounced effect

(Fig 3A), despite that treatment with UBL5 and SART1 siRNAs

gave rise to a similar decrease in FANCI mRNA levels as measured

by quantitative RT–PCR (Supplementary Fig S3A). This suggests

that UBL5 has an additional, spliceosome-unrelated role in

maintaining FANCI expression. In agreement with this idea, we

found that the expression of an intron-less, and therefore splicing-

insensitive, FANCI construct was impaired in cells depleted of

UBL5, but not SART1 or EFTUD2 (Fig 3B). Treating cells with

a proteasome inhibitor largely corrected the FANCI expression

defect in UBL5-depleted cells (Supplementary Fig S3B). These
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Figure 3. UBL5 has a direct role in promoting the FA pathway distinct from its pre-mRNA splicing involvement.

A HeLa cells were transfected with the indicated siRNAs for 48 h. Cell extracts were analyzed by immunoblotting with the indicated antibodies. * non-specific band.
B HeLa cells stably expressing HA-tagged FANCI were transfected with the indicated siRNAs for 48 h. Cell extracts were analyzed by immunoblotting with the indicated

antibodies. * non-specific band.
C Whole-cell extracts (WCE) of HeLa cells transfected with the indicated Strep-HA-UBL5 constructs were subjected to Strep-Tactin pull-down followed by

immunoblotting with FANCI, SART1 and HA antibodies.
D U2OS cells stably expressing siRNA-resistant (siR) forms of indicated Strep-HA-UBL5 alleles were induced or not with doxycycline, transfected with non-targeting

control (CTRL) or UBL5 siRNAs and treated with MMC for 24 h. Cells were then fixed and immunostained with FANCD2 antibody. FANCD2 foci formation in cells was
enumerated, and cells containing more than five foci were defined as foci positive. More than 200 cells were counted for each condition. Results from three
independent experiments (mean � SD) are shown.

E Quantification of precocious sister chromatid separation in U2OS cells stably expressing doxycycline-inducible Strep-HA-UBL5(siR) constructs after knockdown of
endogenous UBL5. At least 200 metaphase spreads were counted in each experiment. Mean values (� SD) from three independent experiments are shown.
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data suggest that in addition to maintaining FANCI mRNA

levels via its previously described role in pre-mRNA splicing,

UBL5 binds and stabilizes FANCI through direct protein–protein

interaction.

To better understand the potential dual contributions of UBL5 in

maintaining FANCI protein levels, we sought to generate a separa-

tion-of-function UBL5 mutant that would disrupt its interaction with

FANCI while leaving its spliceosomal function intact. To achieve

this, we adopted a systematic mutagenesis approach, in which the

effect of introducing alanine substitutions of highly conserved

amino acids in UBL5 on binding to FANCI and SART1 was

evaluated. We noted that a D64A mutation in UBL5 reduced the

interaction with FANCI but not SART1 (Fig 3C; Supplementary Fig

S3C), suggesting that it might selectively compromise UBL5 function

in the FA pathway but not in pre-mRNA splicing. To test this, we

generated stable cell lines inducibly expressing siRNA-resistant

forms of WT and mutant UBL5. In these cell lines, the D64A mutant

was less efficient than UBL5 WT in restoring the reduced levels of

FANCI and FANCD2 and their MMC-induced monoubiquitylation

resulting from depletion of endogenous UBL5 (Supplementary Fig

S3D). Consistently, while ectopic expression of UBL5 WT fully

restored the formation of MMC-induced FANCD2 foci in cells depleted

of endogenous UBL5, the D64A mutant only showed a partial rescue

effect (Fig 3D). We have previously shown that siRNA-mediated

knockdown of UBL5 impairs spliceosome functionality, leading to

loss of Sororin and defective sister chromatid cohesion in metaphase

cells (Oka et al, 2014). To test whether the UBL5 D64A mutant

supports pre-mRNA splicing, we assayed for cohesion defects

under conditions where endogenous UBL5 was replaced by ectopi-

cally expressed UBL5 alleles. We found that expression of UBL5

WT and D64A both rescued mitotic sister chromatid cohesion

(Fig 3E), implying that the UBL5 D64A mutant is fully proficient in

promoting the spliceosome-related functions of UBL5. Taken

together, our data suggest that the direct interaction between UBL5

and FANCI promotes FANCI stability and FA pathway integrity inde-

pendently of the known role of UBL5 in pre-mRNA splicing. Unlike

FANCI, however, we did not observe detectable accumulation of

UBL5 at damaged DNA (data not shown); hence, UBL5 is likely to

mainly facilitate FANCI function prior to its direct engagement at

DNA lesions.

Mapping the UBL5-interacting region in FANCI

To pinpoint the region of FANCI responsible for its interaction with

UBL5, we generated a series of overlapping GFP-tagged FANCI frag-

ments (Fig 4A) and tested their ability to bind ectopically expressed

UBL5. From these interaction studies, we first narrowed down the

UBL5-interacting region in FANCI to the N-terminal 300 amino acids

(aa) (Fig 4A and B; Supplementary Fig S4). A fragment spanning

residues 1–200 did not interact with UBL5 (Fig 4C), further localiz-

ing the UBL5-binding determinant in FANCI to the region encom-

passing aa 200–300. Subsequently, using a series of additional

FANCI fragments containing small, 20-aa internal deletions within

this region (Fig 4A), we found that only a fragment lacking residues

261–280 was defective for interaction with UBL5 (Fig 4D), suggest-

ing that this sequence harbors the key UBL5-binding site in FANCI.

While this region is well conserved among vertebrate FANCI

orthologues (Fig 4E), we could not detect a similar motif in the

paralogous FANCD2 protein. We introduced point mutations into

the most highly conserved residues within the aa261–280 region in

the context of full-length FANCI and assessed their impact on UBL5

interaction. We found that a double point mutant containing alanine

substitutions of the highly conserved E268 and H274 residues (here-

after referred to as ΔUBL5) displayed markedly attenuated binding

to UBL5 when expressed in cells (Fig 4E and F). Likewise,

pull-down assays using FANCI purified from HEK293T cells and

bacterially expressed recombinant UBL5 showed that the FANCI

ΔUBL5 mutant was deficient for interaction with UBL5 in vitro

(Fig 4G). Hence, it is possible to obstruct the UBL5-binding ability

of FANCI by means of subtle point mutations in the full-length

protein, and we set out to test the impact of expressing such a

UBL5-binding-deficient FANCI mutant on the functionality of the FA

pathway.

UBL5 promotes FANCI–FANCD2 complex formation in cells

Based on our observations that loss of UBL5 negatively affects the

expression level of FANCI in both a spliceosome-dependent and

spliceosome-independent manner (Fig 3A and B; Supplementary Fig

S3A and B), we next utilized the FANCI ΔUBL5 mutant to more

directly address the impact of UBL5 binding on FANCI protein

stability and function. To this end, we first compared the half-lives

of ectopically expressed, intron-less FANCI WT and ΔUBL5 alleles

in cells treated with the protein synthesis inhibitor cycloheximide.

Whereas FANCI WT remained stable over the course of several

hours, levels of the FANCI ΔUBL5 mutant dropped rapidly within

the same time frame (Fig 5A and B), consistent with its compro-

mised ability to bind UBL5. In contrast, in line with previous reports

(Dorsman et al, 2007; Sims et al, 2007; Smogorzewska et al, 2007),

depletion of FANCD2 did not induce similar destabilization of

FANCI (Supplementary Fig S5A and B). These findings highlight

UBL5 as a factor that is crucial for the stability of FANCI, unlike

other known FANCI binding partners.

To address the importance of the UBL5–FANCI interaction for

the functionality of the FA pathway, we generated cell lines stably

expressing WT and mutant (ΔUBL5) forms of FANCI. To circumvent

issues pertaining to the reduced stability of the FANCI ΔUBL5

mutant, we carefully selected clones with near-identical levels of

ectopic FANCI expression (Fig 5C). We noticed that only WT, but

not mutant, FANCI was competent to undergo monoubiquitylation

by the FA core complex following MMC treatment (Fig 5C). Both

FANCD2 and FANCI can be deubiquitylated by the USP1–UAF1

complex (Nijman et al, 2005; Cohn et al, 2007; Smogorzewska et al,

2007; Yang et al, 2011). However, while treatment with ML323, a

specific inhibitor of USP1–UAF1 (Liang et al, 2014), increased

monoubiquitylation of FANCI WT in undamaged cells, it did not

induce monoubiquitylation of FANCI ΔUBL5 (Supplementary

Fig S5C), indicating that this UBL5-binding mutant is refractory to

monoubiquitylation under both basal and genotoxic stress condi-

tions. Because FANCI monoubiquitylation is fully dependent on its

association with FANCD2 (Sims et al, 2007; Smogorzewska et al,

2007), we reasoned that the FANCI ΔUBL5 mutant might be defi-

cient for binding to FANCD2. Indeed, when we probed for interac-

tion between FANCD2 and FANCI using co-immunoprecipitation

analysis, we found that mutation of the UBL5-binding region

in FANCI abolished complex formation between these factors
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Figure 4. Mapping the UBL5-interacting region of FANCI.

A Diagram of FANCI fragments used to test interaction with UBL5. The UBL5-binding region is highlighted in red.
B Whole-cell extracts (WCE) of HeLa cells co-transfected with Strep-HA-UBL5 and the indicated GFP-FANCI fragments were subjected to GFP immunoprecipitation

followed by immunoblotting with HA and GFP antibodies.
C, D As in (B), using the indicated GFP-FANCI constructs.
E Sequence alignment of amino acids in the UBL5-interacting region in FANCI proteins from different organisms. Amino acid substitutions of the highly conserved

E268 and H274 residues are indicated in red.
F Whole-cell extracts (WCE) of HeLa cells co-transfected with Strep-HA-UBL5 and the indicated GFP-tagged FANCI constructs were subjected to GFP

immunoprecipitation followed by immunoblotting with HA and GFP antibodies.
G Strep-GFP-FANCI WT or ΔUBL5 purified from HEK293T cells under stringent conditions was used to pull down recombinant His6-UBL5. Input and pull-down

samples were subjected to immunoblotting with His6 and GFP antibodies. * non-specific band.
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(Fig 5D). To assess FANCI–FANCD2 interaction by a complemen-

tary approach, we performed proximity ligation assays (PLA)

(Soderberg et al, 2006). Again, whereas interaction between FANCI

WT and FANCD2 in situ could be readily observed, FANCI ΔUBL5

showed markedly reduced FANCD2 binding also under these experi-

mental conditions (Fig 5E and F). FANCI and FANCD2 are paralo-

gous proteins that interact with each other through extensive

homologous binding surfaces (Smogorzewska et al, 2007; Joo et al,

2011). Importantly, binding experiments using recombinant

FANCD2 and ectopic FANCI proteins purified from cells under strin-

gent conditions revealed that the FANCI point mutations introduced

to disrupt UBL5 binding did not impair FANCI–FANCD2 hetero-

dimer formation per se, as the FANCI ΔUBL5 mutant was fully

competent to interact with FANCD2 in vitro (Fig 5G). We conclude

from these findings that UBL5 facilitates FANCI heterodimerization

with FANCD2 in cells.

FANCI forms UBL5-dependent homomeric complexes

In keeping with the notion that FANCI appears to be more abundant

in cells than FANCD2 (Beck et al, 2011), we hypothesized that

FANCI might also be capable of forming homodimers independently

of FANCD2. In support of this idea, we found that ectopically

expressed GFP-FANCI recovered substantial amounts of

co-expressed HA-tagged FANCI and vice versa, indicating that

FANCI homodimers or oligomers can indeed be observed in cells
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Figure 5. Binding of UBL5 to FANCI facilitates formation of FANCI–FANCD2 heterodimers.

A HeLa cells transfected with GFP-tagged FANCI WT or ΔUBL5 were harvested at the indicated times following addition of cycloheximide (CHX). Cell lysates were
immunoblotted with GFP and b-tubulin antibodies.

B Quantification of GFP-FANCI levels in (A) by image analysis, normalized to b-tubulin levels. Mean values (� SD) from three independent experiments are shown.
C U2OS cells stably expressing HA-tagged FANCI WT or ΔUBL5 were treated or not with 1 lM mitomycin C (MMC) for 16 h. Cell extracts were analyzed by

immunoblotting with HA and SMC1 antibodies.
D Extracts of HEK293T cells transfected with the indicated GFP-FANCI constructs were subjected to GFP immunoprecipitation followed by immunoblotting with

FANCD2 and GFP antibodies.
E U2OS cells stably expressing HA-FANCI WT or ΔUBL5 were fixed and incubated with antibodies against HA and FANCD2. The interaction between HA-FANCI and

FANCD2 was visualized using PLA. Nuclei were stained with DAPI. Representative images are shown. Scale bar, 10 lm.
F Quantification of data in (E). Graph shows the quantification of PLA dots per nucleus. More than 200 cells were counted for each condition. Red lines indicate the

mean of the data plotted. P-value was calculated by the Mann–Whitney U-test.
G Strep-GFP-FANCI WT or ΔUBL5 was purified from HEK293T cells and incubated with bacterially produced, recombinant His6-FANCD2. Complexes were immobilized on

Strep-Tactin Sepharose and washed extensively. Bound material and input samples were then subjected to immunoblotting with His6 and GFP antibodies.
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(Fig 6A; Supplementary Fig S6A). The formation of such FANCI

complexes was unaffected by knockdown of FANCD2 (Fig 6A). To

test whether UBL5 has a role in this process similar to its ability to

promote FANCI–FANCD2 interaction in cells, we assessed the ability

of the ΔUBL5 mutant to engage in FANCI homodimer formation.

Unlike FANCI WT, the ΔUBL5 mutant was deficient for homodimer-

ization (Fig 6B), suggesting that the formation of FANCI homo-

dimers in cells is also stimulated by UBL5.

To further study the properties of FANCI homodimers, we took

advantage of a previously published system to enforce protein

dimerization (Clackson et al, 1998; Feng et al, 2001). Briefly, we

fused a mutant form of the FK506 protein domain DmrB to FANCI,

which undergoes dimerization upon the addition of the rapamycin

derivative “B/B homodimerizer” (also known as AP20187) (Supple-

mentary Fig S6B). To test whether FANCI homodimers are more

stable than monomeric FANCI and whether UBL5 underpins FANCI

stability by promoting formation of such complexes, we monitored

the expression levels of the above constructs in cells containing

or lacking UBL5. We found that the reduced abundance of DmrB-

GFP-FANCI resulting from UBL5 knockdown could be reversed

by treatment with AP20187 (Fig 6C). In contrast, the destabilization

of endogenous FANCI resulting from UBL5 depletion was not

rescued by AP20187 (Fig 6C). The reduced stability of the FANCI

ΔUBL5 mutant compared to FANCI WT could also be counteracted

by forced homodimerization of this mutant (Supplementary

Fig S6C). Collectively, these findings suggest that FANCD2-

independent FANCI homodimers exist in cells and that their forma-

tion is stimulated by UBL5. Moreover, while FANCI stability is

not affected by loss of FANCD2 but appears to be enhanced by

homodimer formation, the ability of UBL5 to facilitate the latter

process may, at least in part, explain its role in maintaining FANCI

protein levels.

UBL5–FANCI interaction is required for FA pathway function after
DNA damage

The FANCI ΔUBL5 mutant allowed us to test directly whether

UBL5 binding to FANCI is needed for FA pathway function in

response to DNA damage. In agreement with its inability to bind

FANCD2 in cells, FANCI ΔUBL5 failed to form foci after MMC

treatment (Fig 7A and B). Consistent with the lack of binding to

FANCD2, we did not observe dominant-negative effects of overex-

pressing FANCI ΔUBL5 on FANCD2 foci formation under these

conditions (Fig 7A), unlike what has been reported for mono-

ubiquitylation- and phosphorylation-deficient FANCI mutants

(Smogorzewska et al, 2007; Ishiai et al, 2008). To further investi-

gate the importance of UBL5–FANCI interaction in the FA pathway,

we expressed FANCI WT or ΔUBL5 in cells depleted of endogenous

FANCI, using siRNAs targeting the 50-UTR region of the FANCI

gene. While complementation with WT FANCI largely restored
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Figure 6. FANCI forms UBL5-dependent homomeric complexes.

A HEK293T cells transfected with non-targeting control or FANCD2 siRNA were co-transfected with HA-FANCI and GFP-FANCI constructs as indicated. Whole-cell
extracts (WCE) were subjected to GFP immunoprecipitation followed by immunoblotting with the indicated antibodies.

B Extracts of HEK293T cells co-transfected with indicated combinations of HA-FANCI and GFP-FANCI constructs were subjected to GFP immunoprecipitation followed
by immunoblotting with HA and GFP antibodies.
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MMC-induced FANCD2 foci formation and suppressed chromosome

aberrations in cells depleted of endogenous FANCI, the ΔUBL5

mutant was unable to promote such rescue (Fig 7C and D).

Together, these results suggest that UBL5–FANCI interaction is

required for the functionality of the FA pathway, highlighting UBL5

as an important factor in ICL repair.
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Figure 7. The UBL5-binding ability of FANCI is required for FA pathway functionality.

A Representative images of HeLa cells transfected with GFP-tagged FANCI WT or ΔUBL5 and treated with 0.2 lM MMC for 12 h. Scale bar, 10 lm.
B Quantification of data in (A). Results from three independent experiments (mean � SD) are shown. More than 200 cells were counted for each condition.
C Quantification of cells containing FANCD2 foci. U2OS cells stably expressing HA-FANCI WT or ΔUBL5 transfected with siRNA targeting the 50-UTR region of FANCI

were treated with 0.2 lM MMC for 16 h, fixed and analyzed for FANCD2 foci formation by immunostaining with FANCD2 antibody. Cells containing more than five
foci were scored as foci positive. Results from three independent experiments (mean � SD) are shown. More than 300 cells were counted for each condition.

D Quantification of chromosomal aberrations. U2OS cells stably expressing HA-FANCI WT or ΔUBL5 transfected with siRNA targeting the 50-UTR region of FANCI were
treated with 120 nM MMC for 24 h, then treated with nocodazole for additional 2 h and collected. Metaphase spreads were prepared and chromosomal aberrations
were quantified. Black lines indicate the mean of the data plotted. P-values were calculated using Mann–Whitney U-test (n = 50).

E Model of UBL5 function in the FA pathway (see main text for details). Ub, ubiquitin.
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Discussion

The repair of ICLs is orchestrated by the Fanconi anemia (FA) path-

way in an exquisitely complex reaction that requires a large

number of proteins and is regulated by several PTMs, including

ubiquitylation, phosphorylation and SUMOylation (Kottemann &

Smogorzewska, 2013; Walden & Deans, 2014; Gibbs-Seymour et al,

2015). Here, we discovered a parallel, dual role of the ubiquitin-like

protein UBL5 in ensuring the proper functioning of the FA pathway

(Fig 7E). Unlike other UBLs, UBL5 does not form covalent conju-

gates with cellular proteins but instead exerts its function in the FA

pathway by acting as a direct binding partner of FANCI that

promotes its stability and functionality.

Stabilization of proteins through interactions with dedicated

binding partners is a common theme in cell biology. As an example,

in S. cerevisiae, the formation of heterodimers between MATa2 and

MATa1 masks their ubiquitin-dependent degradation signals,

increasing the stability of both proteins (Johnson et al, 1998). In the

context of the FA pathway, such proteostatic relationships have also

been described. For instance, FAAP100, a component of the FA core

complex, is crucial for the stabilization of its binding partners

FANCB and FANCL (Ling et al, 2007). Moreover, FAAP20 physically

interacts with FANCA, and these proteins are mutually dependent

on each other for stability (Ali et al, 2012; Kim et al, 2012; Leung

et al, 2012; Yan et al, 2012). In addition to the FA core complex, it

is well established that FANCD2 is largely absent in patient cell

lines containing FANCI mutations and FANCI siRNA-treated cells

(Dorsman et al, 2007; Sims et al, 2007; Smogorzewska et al, 2007).

FANCD2 thus appears to rely strongly on heterodimerization with

FANCI for its own stability. Interestingly, however, the stability of

FANCI is not affected by loss of FANCD2. Our results suggest that

UBL5 stabilizes FANCI through direct protein–protein interaction, as

protection of FANCI from proteasomal degradation is weakened in

cells expressing mutated forms of UBL5 or FANCI that impair their

association. This may, at least in part, account for the observed

absence of FANCI destabilization in cells lacking FANCD2. In addi-

tion to this direct mechanism of FANCI stabilization, UBL5 indi-

rectly regulates the levels of FANCI via its canonical involvement in

modulating pre-mRNA splicing. Importantly, these dual mecha-

nisms by which UBL5 maintains FANCI expression levels can be

uncoupled by a specific separation-of-function mutation that

reduces UBL5–FANCI interaction but leaves the spliceosomal func-

tion of UBL5 intact. As the FA pathway is compromised in cells

expressing such a mutant, our studies suggest that UBL5 is directly

involved in ensuring the functionality of the FA pathway and thus

plays a significant role in ICL repair in human cells. Despite exten-

sive efforts to identify novel FA genes, there are still FA patients for

which the underlying genetic defects have not been established.

Given the strong cell proliferation defect associated with complete

elimination of UBL5 function (Oka et al, 2014), biallelic inactivating

mutations in UBL5 are unlikely to be compatible with life. However,

the notion that a separation-of-function UBL5 mutant selectively

compromising FA pathway functionality can be created formally

renders possible that more subtle alterations of the UBL5 gene could

manifest as an FA-related phenotype.

In addition to our finding that UBL5 stabilizes FANCI, our

data also suggest that UBL5 is important for FANCI–FANCD2

heterodimerization and, consequently, for their ICL-induced

monoubiquitylation. X-ray crystallography studies of FANCD2 and

FANCI have shown that the binding surfaces in these proteins are

composed of four a-solenoid and two helical segments (Joo

et al, 2011). Based on a 3D structure of a partial FANCI–FANCD2

heterodimer, the UBL5-interacting region that we mapped resides in

Solenoid 1 of FANCI, which is in close proximity to Solenoid 2 of

FANCD2. Interestingly, while the FANCI ΔUBL5 mutant showed

strongly impaired binding to FANCD2 in cells, it remained competent

to interact with FANCD2 in vitro. It is therefore possible that UBL5

may engage FANCI in an intermediary binding reaction that

facilitates its ensuing heterodimerization with FANCD2 in cells. The

absence of detectable UBL5 accumulation at sites of DNA damage

suggests that this chaperone-like role of UBL5 in supporting FANCI

functionality is mainly exerted outside the context of DNA repair

processes involving FANCI.

In the present study, we also observed an ability of FANCI to

form FANCD2-independent homodimers and/or oligomers. The

formation of such higher-order FANCI complexes also requires the

UBL5-binding site and confers stabilization of FANCI. Thus, UBL5

may promote FANCI stability through direct binding, by stimulation

of FANCI homomer formation, or both. Interestingly, previous stud-

ies suggested that recombinant FANCI can form homodimers in vitro

(Takahashi et al, 2014) and that also a small fraction of FANCD2

molecules exist as homo-oligomers in vivo (Zhi et al, 2010). Recent

measurements of absolute copy numbers of proteins in U2OS cells

estimated that FANCI is considerably more abundant than FANCD2

(Beck et al, 2011). Our data suggest that UBL5-mediated FANCI

homodimerization might be a mechanism to protect this excess pool

of FANCI molecules from degradation. As FANCD2 is highly depen-

dent on binding to FANCI for its own stability, such a mechanism,

perhaps actively regulated by UBL5, could help to accurately buffer

the cellular levels of FANCD2 in cells. It is also possible that FANCI

homomers might have a distinct functional role in the DNA damage

response independently of FANCD2. To this end, it has been shown

that FANCI possesses DNA binding activity in the absence of

FANCD2 (Longerich et al, 2009, 2014; Yuan et al, 2009; Joo et al,

2011; Sato et al, 2012) and that unmodified FANCI binds DNA with

similar affinity as phosphomimetic or ubiquitylated forms (Sato

et al, 2012; Longerich et al, 2014). Thus, FANCI may have as-yet

unappreciated, FANCD2-independent roles in preserving genome

integrity, and UBL5 may be involved in maintaining this pool of

non-FANCD2-associated FANCI molecules.

In conclusion, we have identified UBL5 as a FANCI-binding

protein and demonstrated an important role of this interplay in

promoting FANCI stability, FANCI hetero- and homodimerization

and thus the overall functionality of the FA pathway.

Materials and Methods

Plasmids and siRNA

Full-length human UBL5 cDNA was amplified by PCR and

inserted into pcDNA4/TO (Invitrogen) containing an N-terminal

Strep-HA-tag. UBL5 cDNAs were rendered insensitive to UBL5

siRNA #1 by introducing the underlined silent mutations (50-CCTA-
GAACTGTACTACCAG-30). A plasmid expressing HA-tagged FANCI

WT was a kind gift from Dr. Tony T. Huang (New York University,
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USA). Plasmid encoding DmrB-GFP-FANCI was generated by inser-

tion of a synthetically produced FK506-binding protein derivative

DmrB cDNA into the NheI and AgeI sites between the CMV

promoter and GFP coding region. Cloning and site-directed muta-

genesis were performed using PrimeSTAR Max Polymerase (Clon-

tech) and KOD Hot Start Polymerase (Novagen). All constructs were

verified by sequencing. Plasmid DNA and siRNA transfections were

performed using GeneJuice (Novagene) and Lipofectamine RNAi-

MAX (Invitrogen), respectively, according to the manufacturer’s

instructions. siRNA target sequences used in this study were as

follows: Control (CTRL) (50-GGGAUACCUAGACGUUCUA-30); UBL5
(#1) (50-CCUGGAGCUUUAUUAUCAA-30); UBL5(#2) (50-CGAUUUUU
AAGGACCACGU-30); FANCI(#1) (50-GCAGAAAGAAAUAGCGUC
U-30); FANCI(50-UTR) (50-GGAAGUUUGUGGCGGAGUU-30); FANCI

(30-UTR) (50-GCGCUUCACCUGAAAGAUA-30); FANCD2 (50-CAACAU
ACCUCGACUCAUU-30); SART1 (50-GCAUCGAGGAGACUAACAA-30);
EFTUD2 (50-GCAUGUAUUCCACUGAUGA-30); and WAPL (50-CGGACU
ACCCUUAGCACAA-30).

Cell culture, cell synchronization and colony survival assays

Human U2OS, HeLa and HEK293T cells were cultured in DMEM

containing 10% fetal bovine serum. Cell lines stably expressing HA-

FANCI were obtained by selecting U2OS or HeLa cells transfected

with pIRESpuro3-HA-FANCI plasmids in medium containing 1 lg/ml

puromycin (Sigma-Aldrich). To generate cell lines stably expressing

Strep-HA-UBL5, U2OS or HeLa cells were co-transfected with

pcDNA4/TO-Strep-HA-UBL5 and pcDNA6/TR (Invitrogen) plasmids,

and positive clones were selected in medium containing 5 lg/ml

blasticidin S and 200 lg/ml zeocin (both from Invitrogen). All cell

lines were regularly tested for mycoplasma infection. Other chemi-

cals used included mitomycin C, doxycycline and cycloheximide (all

from Sigma-Aldrich), B/B homodimerizer (AP20187, Clontech) and

ML323 (MedChemExpress). To synchronize cells in S phase, cells

were grown in the presence of 2 mM thymidine for 17 h, washed

with PBS and grown in fresh medium for 9 h. Subsequently, cells

were cultured in medium with thymidine for additional 21 h.

Samples were harvested at various time points after release from

the second thymidine block. For clonogenic survival assays, U2OS

cells transfected with siRNAs were treated with MMC for 24 h. Cells

were trypsinized and seeded in 6-well plates and allowed to grow

for 14 days. Colonies were fixed with methanol and stained with

crystal violet, and colonies with more than 50 cells were counted.

Chromosome metaphase spreads

To prepare chromosome spreads, cells treated with nocodazole for

2 h were collected and incubated in 0.075 M KCl solution for

20 min at 37°C. Cells were then fixed in methanol/acetic acid (3:1

ratio), dropped onto glass slides and stained with 5.8% Giemsa

solution.

Immunochemical methods

Immunoblotting, immunoprecipitation and Strep-Tactin pull-down

were done as described (Poulsen et al, 2012). To detect interaction

between endogenous FANCI and UBL5, cells were incubated with

125 U/ml benzonase nuclease (Sigma) in modified RIPA buffer

(50 mM Tris, pH 7.5; 150 mM NaCl; 1% NP-40; 0.1% sodium deoxy-

cholate; 1.5 mM MgCl2) supplemented with protease inhibitor cock-

tail (Roche) for 15 min at 37°C. The extract was then incubated

with anti-FANCI antibody (Atlas antibodies) and Dynabeads Protein

G (Life Technologies). After five washes in lysis buffer, the immuno-

precipitates were eluted with Laemmli sample buffer. Antibodies

used in this study included the following: rabbit polyclonals to

FANCI, SMC1, WAPL and EFTUD2 (Bethyl), FANCD2 and b-tubulin
(Abcam), FANCI and SART1 (Atlas antibodies), FANCD2 (Novus

Biologicals), ORC2 (BD Biosciences) and cyclin A (Santa Cruz);

mouse monoclonals to HA and GFP (Santa Cruz), cyclin A (BD

Biosciences), cyclin B1 (Abcam), c-H2AX and b-actin (Millipore),

6xHis (Clontech) and FLAG (Sigma); goat polyclonals to MCM6,

FANCC and FANCE (Santa Cruz); and rat monoclonal to HA

(Roche). Rabbit polyclonal S. pombe Hub1 antibody used for immu-

noblotting of human UBL5 was a kind gift from Dr. Hideki Yashiroda

(University of Tokyo, Japan).

Purification of FANCI from HEK293T cells

After transfection of siRNA against FANCD2, HEK293T cells were

transiently transfected with plasmid encoding Strep-GFP-FANCI and

collected 24 h later. Cells were lysed in high-salt buffer (50 mM

Tris, pH 7.4; 500 mM NaCl; 1% NP-40; 5 mM EDTA; 1 mM DTT)

containing protease inhibitor cocktail (Roche). Lysates were soni-

cated and passed through a 0.45-lm filter and then subjected to

pull-down with Strep-Tactin Sepharose (IBA). After washing with

high-salt buffer, the bound protein was eluted with D-Desthiobiotin

elution buffer (IBA).

In vitro binding assays

For detection of interaction between chicken FANCI and human

UBL5, bacterially expressed and purified chicken FANCI, a kind gift

from Dr. Hitoshi Kurumizaka (Waseda University, Japan), was

mixed with either His6-SUMO2 or His6-UBL5 (Boston Biochem or

Enzo Life Sciences, respectively) in binding buffer (20 mM Tris–

HCl, pH 7.4; 0.15% Triton X-100; 150 mM NaCl; 10 mM imidazole).

The samples were incubated with Ni-NTA agarose beads (Qiagen)

under continuous end-over-end rotation at 4°C for 2 h and then

washed five times in binding buffer. Bound His6-tagged proteins

were eluted with elution buffer (20 mM Tris–HCl, pH 7.4; 0.15%

Triton X-100; 150 mM NaCl; 500 mM imidazole). Alternatively,

6 pmol recombinant His6-UBL5 (Enzo Life Sciences) was mixed

with either 6 pmol purified Strep-GFP-FANCI WT or ΔUBL5 in bind-

ing buffer (20 mM HEPES-KOH, pH 8.0; 0.25% NP-40; 150 mM

NaCl; 0.1% BSA). After incubation for 15 min at room temperature,

Strep-Tactin Sepharose (IBA) was added, and the mixture was incu-

bated for 1 h at room temperature. After six washes in binding

buffer, bound proteins were eluted with Laemmli sample buffer. For

detection of interaction between FANCI and FANCD2 in vitro,

2 pmol recombinant chicken His6-FANCD2 (kind gift from Eeson

Rajendra and Lori A. Passmore, MRC Laboratory of Molecular Biol-

ogy, Cambridge, UK) was mixed with 2 pmol Strep-GFP-FANCI WT

or ΔUBL5 purified from HEK293T cells in binding buffer (20 mM

HEPES-KOH, pH 7.4; 0.05% NP-40; 100 mM NaCl; 1 mM DTT;

0.1% BSA). After incubation for 15 min at room temperature, Strep-

Tactin Sepharose (IBA) was added, and the mixture was incubated
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for 1 h at room temperature. After six washes in binding buffer,

bound proteins were eluted with Laemmli sample buffer.

Immunofluorescence staining and laser microirradiation

For immunofluorescence staining, cells were fixed in 4% formalde-

hyde for 10 min, permeabilized with PBS containing 0.2% Triton

X-100 for 5 min and incubated with primary antibodies diluted in

DMEM for 1 h at room temperature. Following staining with second-

ary antibodies (Alexa Fluor 488 and 568; Life Technologies) for

30 min, coverslips were mounted in Vectashield mounting medium

(Vector Laboratories) containing DAPI. Images were acquired with

an LSM780 confocal microscope (Carl Zeiss Microimaging Inc.)

mounted on Zeiss-Axiovert 100M equipped with Plan-Apochromat

40×/1.3 oil immersion objective, using standard settings. Image

acquisition and analysis was carried out with ZEN2010 software. To

generate laser-induced localized ICLs, cells grown on coverslips were

incubated with trioxsalen (6 lM) for 10 min prior to laser irradia-

tion. The coverslips were transferred to a LabTek chamber and irra-

diated using PALM MicroBeam equipped with an UV-A pulsed laser

(Zeiss). Localized irradiation was performed through a 40× objective

with a cut speed of 10% and power output of 25%. Operation was

assisted by the PALMRobo-Software supplied by the manufacturer.

In situ proximity ligation assay

In situ proximity ligation assay was performed using Duolink II Detec-

tion Kit with anti-mouse MINUS and anti-rabbit PLUS PLA Probes,

according to the manufacturer’s instructions (Olink Bioscience).

Quantitative RT–PCR

Total RNA was extracted using RNeasy Mini kit (Qiagen), and cDNA

synthesis was performed using SuperScript III Reverse Transcriptase

(Invitrogen) according to the manufacturer’s instructions. Quantita-

tive PCR was performed using Brilliant III Ultra-Fast SYBR Green

QPCR Master (Agilent Technologies). Primer sequences for these

reactions were as follows: FANCI (forward): 50-CACCACACTTA-
CAGCCCTTG-30; FANCI (reverse): 50-ATTCCTCCGGAGCTCTGAC-30;
b-Actin (forward): 50-TCACCCACATGTGCCCATCTACGA-30; and

b-Actin (reverse): 50-CAGCGGAACCGCTCATTGCCAATGG-30. Exper-
iments were repeated three times and each quantitative PCR

experiment was performed in duplicate.

Supplementary information for this article is available online:

http://emboj.embopress.org
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