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Abstract 
A recently identified protein, FAN1 (FANCD2鄄  associated nuclease 1, previously known as KIAA1018), 

is a novel nuclease associated with monoubiquitinated FANCD2 that is required for cellular resistance 
against DNA interstrand crosslinking (ICL) agents. The mechanisms of FAN1 regulation have not yet been 
explored. Here, we provide evidence that FAN1 is degraded during mitotic exit, suggesting that FAN1 may 
be a mitotic substrate of the anaphase鄄  promoting cyclosome complex (APC/C). Indeed, Cdh1, but not 
Cdc20, was capable of regulating the protein level of FAN1 through the KEN box and the D鄄  box. 
Moreover, the up鄄  and down鄄  regulation of FAN1 affected the progression to mitotic exit. Collectively, these 
data suggest that FAN1 may be a new mitotic substrate of APC/C Cdh1 that plays a key role during mitotic 
exit. 
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Original Article 

DNA interstrand crosslinks (ICLs) are formed when 
bifunctional agents covalently link the two strands in a 
double helix. ICLs are toxic lesions that prevent strand 
separation, which is necessary for transcription and DNA 
replication. Forks that stall at ICLs recruit signaling 
complexes, including the Fanconi Anemia (FA) proteins 
and FAassociated proteins. FA is an inherited recessive 
condition characterized by developmental defects, 
skeletal abnormalities, bone marrow failure, and a 
predisposition to cancer [1,2] . The FA pathway, which 
includes at least 13 known FAassociated genes, plays a 
role in repairing ICL and damaged DNA. Eight FA 
proteins comprise a multisubunit ubiquitin E3 ligase 
complex  (referred to as the FA core complex). After 
DNA damage has occurred, the FA core complex adds a 
single molecule of ubiquitin to FANCD2, which is a key 
step in the activation of the pathway. FANCD2 then 
associates with other downstream proteins to promote 

the repair of damaged DNA [3,4] . 
FANCD2associated nuclease 1 (FAN1), previously 

known as KIAA1018, is a newly identified nuclease that 
contains an Nterminal ubiquitin zinc finger (UBZ) 
domain and a Cterminal nuclease domain [58] . Although 
FAN1 was discovered independently using different 
approaches, different groups collectively found that FAN1 
possesses nuclease activity that is required for cellular 
resistance against ICL agents. FAN1 is recruited to the 
damaged DNA via the UBZ domain through associating 
specifically with monoubiquitinated FANCD2. 

To date, most studies of FAN1 have focused on its 
role in regulating DNA ICLs during S phase. The FA 
pathway was thought to be largely inactivated during 
mitosis due to the absence of monoubiquitinated 
FANCD2, as determined by western blotting [9] . Mitotic 
phosphorylation and degradation of FANCM (Fanconi 
anemia, complementation group M), which leads to the 
release of the FA core complex, may be one mechanism 
for inhibiting FANCD2 monoubiquitination during 
mitosis [10,11] . Because FAN1 associates rather specifically 
with monoubiquitinated FANCD2, which is absent during 
mitosis, the regulation and the role of FAN1 during 
mitosis have not yet been explored. 

The anaphasepromoting cyclosome complex 
(APC/C), an E3 ubquitin ligase complex, plays crucial 
roles in mitosis and during G1  phase by degrading cell 
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cyclerelated proteins, such as Securin, Cyclins, Plk1, 
and Skp2 [12] . The temporal cell cycle specificity of APC/C 
is achieved by the activation of two closely related 
proteins, Cdc20 and Cdh1, which facilitate the 
recruitment of substrates and ubiquitination by the core 
complex [1315] . In early mitosis, APC/C binding to Cdc20 
leads to the initiation of anaphase. In late mitosis, the 
association of APC/C with Cdh1 maintains APC/C 
activity throughout the subsequent G1  phase [1320] . The 
switch from Cdc20 binding to Cdh1 binding by APC/C is 
induced by the inactivation of Cdk1, which also leads to 
destruction of Cdc20 mediated by Cdh1 [21,22] . The Cdc20 
and Cdh1bound forms of APC/C represent different 
substrate specificities. Cdc20 recognizes Dbox 
containing proteins [23] , whereas Cdh1 recognizes proteins 
containing either Dbox or KENbox sequences [24] . 
Interestingly, both a KENbox and a Dbox motif present 
at the Nterminus of FAN1. The presence of these 
sequences in FAN1 prompted us to test whether FAN1 
is regulated by APC/C and whether it plays a role in 
mitotic exit. As described below, FAN1 may be a new 
mitotic substrate of APC/C Cdh1 . 

Materials and Methods 

Cell lines 

Human embryonic kidney (HEK) 293T and U2OS 
cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM, Invitrogen) supplemented with 10% 
fetal bovine serum (FBS, Hyclone), 1 mmol/L glutamine, 
and 100 U/mL each of penicillin and streptomycin. Cells 
were maintained at 37益  in a humidified atmosphere 
containing 5% CO 2 . 

Plasmids 

Wildtype SFB (S protein tag, Flag epitope tag, and 
Streptavidinbinding peptide tag)FAN1 was a generous 
gift from Dr. Junjie Chen (University of Texas M.D. 
Anderson Cancer Center , USA ) . Human MycCdh1 
and MycCdc20 have been previously described  [25,26] . 
Mutations were introduced using the MutanBEST 
sitedirected mutagenesis kit (Takara) and were verified 
by DNA sequencing. 

Antibodies 

Human antiCdh1 antibody was obtained from 
Abcam. Human antiphosphohistone H3 (Ser 10) 
antibody was obtained from Millipore (Cat. #06570). 
Other primary antibodies used for western blotting, which 

included antiCdc20 (SC13162), antiCyclin B1 
(SC245), antiSkp2 (SC2652), and antiGAPDH 
antibodies (SC166574), were obtained from Santa Cruz 
Biotechnology. AntiFAN1 antibody was a gift from Dr. 
Jun Huang (School of Basic Medical Science, Zhejiang 
University, Hangzhou, China). AntiMyc antibody (A14 
or M10E, Santa Cruz Biotechnology) and antiFlag 
antibody (Sigma, F7425) were used to detect tagged 
proteins. Bound primary antibodies were detected with 
either horseradish peroxidaseconjugated antimouse IgG 
HRP or horseradish peroxidaseconjugated antirabbit 
HRP (Promega), and proteins were visualized by 
chemiluminescence. 

Transfection experiments 

Transfections were performed as previously 
described [25,27] . Briefly, asynchronously growing cells were 
seeded at 2.5 伊 10 5  cells per well in a 6well tissue 
culture plate or at 1 伊 10 6  cells per 100 mm in a tissue 
culture dish and were transfected with 2 滋  g or 12 滋  g 
plasmid DNA, respectively, with Lipofectamine TM  2000 
(Invitrogen) according to the manufacturer爷s protocol. 

RNA interference 

Knockdown of FAN1 expression was accomplished 
using Smartpool siRNA (Dharmacon). Cdh1 and Cdc20 
siRNAs were designed according to previously validated 
oligonucleotides and synthesized by Invitrogen [25,28] . 
Approximately 2 伊 10 5 U2OS cells per well were seeded 
in a 6well tissue culture dish the day before transfection. 
Transfections were performed according to the 
manufacturer爷s instructions using the Lipofectamine TM 

RNAiMAX transfection reagent  (Invitrogen) and 100 
nmol/L siRNA. At 48 h after transfection, cells were 
harvested in MCL buffer [50 mmol/L TrisHCl pH 8.0, 2 
mmol/L DTT, 5 mmol/L EDTA, 0.5% Nonidet P40, 100 
mmol/L NaCl, 1 mmol/L microcystin, 1 mmol/L sodium 
orthovanadate, 2 mmol/L phenylmethanesulfonyl fluoride 
(PMSF), 1 伊 protease (Sigma Chemical Co.) supple鄄  
mented with a phosphatase inhibitor cocktail 
(Calbiochem)]. 

Protein stability experiments 

To determine the halflife of FAN1, 20 滋  g/mL 
cycloheximide (CHX) (Sigma) was added to the cell 
culture to inhibit protein synthesis, and cells were 
harvested in MCLB at the indicated time intervals. To 
determine the effects of proteasome inhibitors on FAN1 
protein stability, cells were incubated with 20 滋  mol/L 
MG132 (benzyloxycarbonylLeuLeuLeualdehyde) 8 h 
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before harvest. 

Western blotting and immunoprecipitations 

These procedures were performed as previously 
described. Briefly, cells were lysed in MCLB, and the 
purified lysates were resolved by SDSPAGE and 
transferred to nitrocellulose membranes for western 
blotting. Proteins were detected with ECL detection 
reagents (Beyotime Co.). For immunoprecipitations, the 
purified supernatants were first incubated with antiMyc 
antibody conjugated to agarose beads (Santa Cruz, 
SC40AC) or antiFlag antibody conjugated to agarose 
beads (Sigma Chemical Co. A4596) for 1 to 2 h at 4益. 
Precipitates were washed 4 times with MCLB. To 
investigate the interaction between FAN1 and Cdh1 at 
the endogenous level, the purified supernatants were first 
incubated with antiCdh1 or negative control IgG 
antibodies for 2 h at 4益 . Then, protein A/G agarose 
beads were added overnight. Precipitates were washed 4 
times with MCLB and analyzed by western blotting. 

Synchronization of U2OS cells 

This method was described previously [25,28] . Briefly, 
U2OS cells were cultured in the presence of 100 ng/mL 
nocodazole for 16 h, and mitotic cells were isolated by 
shake off. Cells were washed twice with PBS and 
cultured for indicated time. Cells were collected and 
analyzed by flow cytometry, reverse transcription 
polymerase chain reaction (RTPCR), and western 
blotting. 

Flow cytometry 

This procedure was detailed previously [25,28] . Briefly, 
cells were harvested by trypsinization and collected by 
centrifugation. Cells were washed once with PBS and 
fixed in 5 mL of 70% ethanol at 4益. Cells were washed 
once with PBS/1% bovine serum albumin (BSA), and 
then incubated with 1 mL of PBS/1% BSA containing 30 
滋  g/mL propidium iodide (PI) and 0.25 mg/mL RNase A 
for 1 h at room temperature. Cells were analyzed for 
DNA content by flow cytometry with a Cytomics FC 500 
flow cytometer (Beckman). The data were analyzed 
using Multicycle AV for Windows (Beckman). 

RNA extraction and RT鄄  PCR 

These procedures were performed as previously 
described [25,27,29] . Cells were collected at each indicated 
time point after nocodazoleblock release. RNAs were 
extracted using Trizol (Invitrogen) according to the 

manufacturer爷s instructions. The primers used for 
amplifying FAN1 and GAPDH were as follows: FAN1F, 
5'CAATGGGAACTGGGAAGAAG3'; FAN1R, 5'GTG 
AAACACCGCAGGAAGAG3'; GAPDHF, 5'ACAGTCA 
GCCGCATCTTCTT3'; GAPDHR, 5'GACAAGCTTC 
CCGTTCTCAG3'. 

Results 

FAN1 was regulated by Cdh1 

Cdc20 and Cdh1activated APC/C plays key roles in 
mediating the ubiquitinationdependent destruction of 
many KENbox and Dboxcontaining proteins during 
mitotic exit. Interestingly, there is a Dbox (aa 1417) 
and a KENbox (aa 212214) in the FAN1 protein 
sequence (Figure 1A), and these two motifs are 
evolutionarily conserved in different species (Figure 1B). 
This promoted us to test whether FAN1 is a substrate of 
Cdh1 or Cdc20. As shown in Figure 1C, endogenous 
protein levels of FAN1 were significantly decreased in 
cells transiently transfected with Cdh1, but not with 
Cdc20. As expected [30,31] , Cyclin B1 protein expression 
was decreased in cells transiently transfected with either 
Cdh1 or Cdc20. 

To test whether the degradation of FAN1 is mediated 
by an APC/Ccatalyzed ubiquitindependent proteasome 
pathway, cells were treated with MG132, a selective 
inhibitor of the proteasome, and FAN1 protein levels 
were analyzed. As shown in Figure 1D, MG132 
treatment partially rescued the protein levels of 
exogenous FAN1, which were significantly decreased in 
the cells transiently transfected with Cdh1. 

The endogenous protein levels of FAN1 were 
increased when cells were transfected with siRNA 
targeting Cdh1, but not Cdc20 (Figure. 1E). Levels of 
Cdh1 were not increased by the treatment of MG132 
(Figure 1F). Skp2, a well known substrate of Cdh1, was 
used as the positive control. Taken together, Cdh1 was 
capable of downregulating FAN1 protein through the 
proteasome pathway. 

FAN1 interacted with Cdh1 

Next, we tested whether there was an interaction 
between FAN1 and Cdh1. Myctagged Cdh1 was 
cotransfected with  SFBtagged FAN1 into HEK鄄  293T 
cells. Reciprocal coimmunoprecipitation (coIP) using 
antiMyc and antiFlag conjugated agarose beads was 
performed. Because endogenous FAN1 protein levels 
were decreased when cells were cotransfected with 
Myctagged Cdh1, the cells were incubated with MG132 
for 8 h prior to the cell harvest. As shown in Figure 2A, 
an interaction between these two proteins was clearly 
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B 

C  D 

E  F 

detected in cell lysates. This interaction was further 
confirmed at the endogenous level, as shown in Figure 
2B. Endogenous FAN1 was clearly detected in 
immunoprecipitation reactions with an antiCdh1 
antibody. These results indicate that FAN1 physically 
interacts with Cdh1 in cells. 

Both the KEN鄄  box and the D鄄  box were required 
for the degradation of FAN1 

Considering that Cdh1 interacts with and down 
regulates the expression of FAN1, we hypothesized that 

both the KENbox and the Dbox within FAN1 are 
responsible for its degradation. To test  this hypothesis, 
we mutated conserved residues within the KENbox and 
the Dbox (Figure 3A). The halflife of  mutated FAN1 
was much longer than that of wildtype FAN1 (Figure 3B 
and 3C), indicating that Cdh1 downregulates FAN1 
through recognizing these two motifs. 

FAN1 was degraded during mitotic exit 

As APC/C Cdh1  plays a key role in mitotic exit and G1 

phase, we monitored FAN1 protein levels during  mitotic 
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FAN1 protein (1017 aa, 114 kDa) 
14  212 

Dbox  KENbox 
RXXLXXXXN KEN 

FAN1 

Myc 

Cyclin B1 

GAPDH 

FAN1 

Cdh1 

Cdc20 

GAPDH 

FAN1 

Cdh1 

SKP2 

GAPDH 

MG132 

siCdh1 

MG132 

Myccdh1 
Long exposure 

Short exposure 

Myc 

GAPDH 

SFBFAN1 

Flag 

Figure 1. A, 
a schematic presentation of FAN1 (a 1017鄄  
aa, 114鄄  kDa protein) denoting the two 
putative degradation signals, including one 
D鄄  box (RxxLxxxxN) and one KEN鄄  box. The 
numbers along the top of this diagram 
denote the amino acid number at which the 
consensus sequences start in relation to the 
start codon. Conserved amino acids are 
indicated below the bar in bold print, and 
nonconserved residues are denoted by X. B, 
a schematic presentation of the KEN鄄  box 
and D鄄  box of KIAA1018/MTMR15/FAN1 
orthologs from different species. The 
relevant protein identification codes are as 
follows: Homo sapiens NP_055782.3; Pan 
Troglodytes XP_510266.2; Macaca mulatta 
Xp_001109813.1; Canis lupus familiaris 
XP_856650.1; Bos taurus NP_001158142.1; 
Mus musculus NP_808561.2; and Rattus 
norvegicus XP_219706.4. C, U2OS cells 
were transiently transfected with 2 滋  g of 
the indicated plasmids for 24 h and then 
subjected to western blotting. D, U2OS cells 
transiently transfected with 2 滋  g of the 
indicated plasmids for 24 h were treated 
with or without MG132 for 8 h and then 
were subjected to western blotting. An 
asterisk (*) indicates a non鄄  specific band. E, 
U2OS cells were transiently transfected with 
Cdh1 siRNA, Cdc20 siRNA, or scrambled 
siRNA for 48 h and then were subjec鄄  ted to 
western blotting. F, U2OS cells were 
transiently transfected with Cdh1 siRNA or 
scrambled siRNA for 48 h, treated with or 
without MG132 for 8 h, and then subjected 
to western blotting. 
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MG132 
Myc鄄  Cdh1 
SFB鄄  FAN1 
SFB鄄  FAN1 
Myc鄄  Cdh1 
GAPDH 

Input IgG Cdh1 

FAN1 

Cdh1 

FAN1 mut 
mutate 

212 KEN 214  to AAA,  14 RXXL 17  to AXXA 

CHX (20 滋  g/mL) 
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Flag 

GAPDH 

Flag 
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SFB鄄  FAN1 WT 

SFB鄄  FAN1 mut 

1.2 
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DM 
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Figure 2. A, Human 
embryonic kidney (HEK) 293T cells transfected with the 
indicated plasmids for 24 h were lysed with RIPA 
buffer, and underwent immunoprecipitation (IP) using 
anti鄄  Myc or anti鄄  Flag conjugated agarose beads. 
Analysis by western blotting was conducted with the 
indicated antibodies. WCL: whole cell lysate. B, U2OS 
cells were lysed with RIPA buffer, and lysates were 
subjected to IP using anti鄄  Cdh1 or anti鄄  IgG conjugated 
agarose beads followed by western blotting. 

Figure 3. 
A, summary of mutations in FAN1. B, U2OS 

cells transfected with wild鄄  type FAN1 or mutant FAN1 
for 24 h were treated with 20 滋  g/mL cycloheximide 
and collected at the indicated time points for western 
blotting. C, the densities of the FAN1 protein bands at 
each time point were normalized to GAPDH and were 
calculated into percentages using 1.0 as the value of 
the zero time point. 
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exit. U2OS cells were synchronized at mitotic 
prometaphase by nocodazole, a microtubule  polymeri鄄  
zation inhibitor, and released at indicated time  points. 
The cell cycle profile was monitored by flow cytometry 
(Figure 4A). The levels of FAN1 protein were analyzed, 
and it appeared that FAN1 was gradually  degraded 
during the progression through mitotic exit (Figure 4B). 
This degradation of FAN1 during mitotic exit was similar 
to that of Cdc20, a wellknown mitotic substrate of 
APC/C Cdh1 . As expected, the mRNA levels  of FAN1 
remained constant during mitotic exit (Figure 4C). 
Notably, multiple bands at different molecular weights 
were observed by western blotting for FAN1 in M phase, 
but not in G 1  phase, indicating that FAN1 may be 
phosphorylated in M phase, which is common for mitotic 
substrates of APC/C Cdh1 [27] . These observations indicate 
that FAN1 may be a mitotic substrate of APC/C Cdh1 during 

mitotic exit and G1 phase. 

FAN1 might play a crucial role during mitotic 
exit 

Because FAN1 is regulated by APC/C Cdh1  and is 
degraded during the mitotic exit, we sought to determine 
whether FAN1 plays a role in the mitotic progression. 
U2OS cells treated with siRNAs targeting FAN1 or 
scrambled siRNA were synchronized in M phase using 
nocodazole and then released. As shown in Figure 5A, 
the mitotic exit was promoted in cells depleted of FAN1. 
Consistent with this observation, ectopic expression of 
FAN1 delayed mitotic exit in the cells (Figure 5B). 
Collectively, these data indicate that FAN1 may play a 
critical role during mitotic exit. 

A 

B 

C 
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Figure 4. U2OS cells 
were synchronized in M phase by incubation with 100 ng/mL 
nocodazole for 16 h. M phase cells selected by shake鄄  off 
were released at indicated time points. Some cells were 
collected for analysis by flow cytometry (A). The percentages 
of G2/M cells are provided. The rest cells were analyzed by 
western blotting (B) or RT鄄  PCR (C) at indicated time points. 
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Discussion 
In this study, we demonstrated that human FAN1 

was degraded during mitotic exit and that APC/C Cdh1 

potentially mediated this degradation through interactions 
with FAN1. Thus, FAN1 may be a new mitotic substrate 
of APC/C Cdh1 and play an important role in mitotic exit. 

It has been shown that regulators of early mitosis 
are typically targeted for degradation by association with 
Cdc20 via a Dbox motif, whereas Cdh1 targets regulators 
of late mitosis for degradation via Dbox and KENbox 
motifs. Interestingly, although there are both Dbox and 

KENbox sequences in FAN1, we demonstrated that only 
Cdh1 targets FAN1 for degradation. In agreement with 
these observations, Cdh1 was able to interact with FAN1 

, and modulating FAN1 protein levels in cells 
altered the progression of mitotic exit. 

Several studies have indicated that the FA  pathway 
plays important roles in mitosis. FAdeficient cells exhibit 
increased chromosomal breaks at fragile  sites, and the 
high incidence of these breaks may be linked to high 
cancer rates in FA patients [32,33] . Here, we found that 
overexpression or depletion of FAN1, an FArelated 
protein, affected the progression of mitotic exit in U2OS 

Scramble 

si鄄  FAN1 

A 
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Figure 5. U2OS cells were transfected with FAN1鄄  siRNA or scrambled siRNA for 48 h 
(A) or with the indicated plasmids for 24 h (B). Then, the cells were synchronized in M phase by incubation with 100 ng/mL nocodazole 
for 16 h. M phase cells selected by shake鄄  off were released at indicated time points. Cells were collected for analysis by flow cytometry 
(left) and western blotting (right). Note: The percentages of G2/M phase cells are indicated. 
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cells. Therefore, it will be very interesting to investigate 
whether FAN1 has functional interactions with the FA 
pathway during mitosis to prevent chromosomal 
instability. As FAN1 specifically interacts with monoubi鄄  
quitinated FANCD2, which is absent in mitosis [9] , it is 
possible that FAN1 may have additional functions during 
mitotic exit that are not related to the FA pathway. 
SNM1A, another nuclease, is also involved both in the 
DNA damage response and in an early mitotic prophase 
checkpoint in response to spindle stress [34,35] . The exact 
function of FAN1 in mitotic exit remains to be further 
explored, and the identification of the physiologic 
substrate (s) of FAN1 during ICL will be the key to 
understanding the role of this nuclease. 

The FAN1 protein contains 1017 amino acids and 
has a theoretical molecular weight of 114 kDa. However, 
we noticed that there were multiple bands observed by 
western blotting with higher molecular weights of 
approximately 130 kDa when U2OS cells were syn鄄  
chronized at mitotic phase, and there were fewer bands 
with lower molecular weights during progression through 
mitotic exit. This indicates that FAN1 may become 
phosphorylated in M phase, which is common for mitotic 
substrates of APC/C Cdh1 [27] . In fact, sequence analysis 

using the NetPhos 2.0 computer program revealed 
several putative serine/threonine residues that are 
potentially phosphorylated by Cdks during M phase. 
Further research needs to be performed to elucidate the 
mechanisms of posttranslational regulation of FAN1 
activity to shed light on the role of FAN1 in mitosis. 
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