Fan1 deticiency results in DNA interstrand
cross-link repair detects, enhanced tissue
karyomegaly, and organ dystunction
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Deficiency of FANCD2/FANCI-associated nuclease 1 (FAN1)in humans leads to karyomegalic interstitial nephritis
(KINY), a rare hereditary kidney disease characterized by chronic renal fibrosis, tubular degeneration, and charac-
teristic polyploid nuclei in multiple tissues. The mechanism of how FAN1 protects cells is largely unknown but is
thought to involve FAN1’s function in DNA interstrand cross-link (ICL) repair. Here, we describe a Fan1-deficient
mouse and show that FAN1 is required for cellular and organismal resistance to ICLs. We show that the ubiquitin-
binding zinc finger (UBZ) domain of FAN1, which is needed for interaction with FANCD?2, is not required for the
initial rapid recruitment of FAN1 to ICLs or for its role in DNA ICL resistance. Epistasis analyses reveal that FAN1
has cross-link repair activities that are independent of the Fanconi anemia proteins and that this activity is redun-
dant with the 5'-3’ exonuclease SNM1A. Karyomegaly becomes prominent in kidneys and livers of Fan1-deficient
mice with age, and mice develop liver dysfunction. Treatment of Fan1-deficient mice with ICL-inducing agents
results in pronounced thymic and bone marrow hypocellularity and the disappearance of c-kit* cells. Our results
provide insight into the mechanism of FAN1 in ICL repair and demonstrate that the Fan1 mouse model effectively
recapitulates the pathological features of human FAN1 deficiency.
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DNA interstrand cross-links (ICLs) impede the unwinding
and separation of DNA by covalently linking its Watson
and Crick strands. If unrepaired, ICLs block DNA replica-
tion and transcription. In humans, defects in the repair of
ICLs are associated with the genetic disorders Fanconi
anemia (FA) and karyomegalic interstitial nephritis
(KIN| (for review, see Moldovan and D’Andrea 2009; Kot-
temann and Smogorzewska 2013). The clinical pheno-
types of these two diseases are distinct. FA patients
display congenital abnormalities, bone marrow failure,
and predisposition to cancers (Fanconi 1967; Butturini
etal. 1994; Alter 2003), whereas KIN patients develop ear-
ly-onset end-stage kidney disease (Mihatsch et al. 1979;
Spoendlin et al. 1995; Zhou et al. 2012) and may also ex-
hibit elevated serum markers of hepatocyte damage,
mild anemia, and recurrent upper respiratory infections
(Bhandari et al. 2002; Palmer et al. 2007; Uz et al. 2011).
Histologically, the kidneys, livers, and brains of KIN pa-
tients contain enlarged, polyploid (karyomegalic) nuclei
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(Spoendlin et al. 1995; Zhou et al. 2012), which have not
been described in FA patients.

Mutations in at least 19 FANC genes have been identi-
fied in patients with FA, while FANCD2/FANCI-associat-
ed nuclease 1 (FAN1) is the only known gene that is found
to be inactivated in KIN patients (Zhou et al. 2012; Rick-
man et al. 2015; Wang et al. 2015; Wang and Smogorzew-
ska 2015). Proteins encoded by the FANC genes (FANCA
to FANCT) are directly involved in the repair of the ICL
lesions during DNA replication (for review, see Kotte-
mann and Smogorzewska 2013; Walden and Deans
2014; Wang and Smogorzewska 2015). Eight of these pro-
teins form the FA core complex, which is necessary for
ubiquitination of the FANCD2-FANCI (ID2) complex.
The ubiquitinated ID2 complex localizes to ICLs and is es-
sential for downstream nucleolytic incisions and transle-
sion synthesis repair events. FANCQ/XPF in a complex
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with FANCP/SLX4 is responsible for making the incisions
in one of the parental strands to “unhook” the ICL. Un-
hooking allows for translesion polymerases to bypass
the lesion on one strand of the replicated DNA, with the
other strand being repaired using homology-directed
repair (HDR) proteins, including FANCDI1/BRCA2,
FANCN/PALB2, and RAD51/FANCR.

FAN1 is associated with the FA pathway through its in-
teraction with the ID2 complex. This interaction is medi-
ated by the N-terminal ubiquitin-binding zinc finger
(UBZ) domain of FAN1 and the monoubiquitinated lysine
residue of FANCD?2 in the ID2 complex (Kratz et al. 2010;
Liu et al. 2010; MacKay et al. 2010; Smogorzewska et al.
2010). Given the direct association between FANI and
the ID2 complex, it has been proposed that the intrinsic
nuclease activities of FANI are required either down-
stream from ID2 monoubiquitination to contribute to
ICL incision or later during HDR of DNA double-strand
break intermediates after incision. However, the pheno-
typic differences between patients deficient in one of the
FANC proteins and FAN1 prompted the question of
whether the cross-link repair function of FAN1 is epistatic
with the FA pathway (Zhou et al. 2012). The UBZ-mediat-
ed interaction with the ID2 complex was first shown to be
necessary for the localization of FAN1 to ICL-induced
DNA damage foci and psoralen plus UV laser-induced
stripes, arguing that the ICL repair activity of FANI1 large-
ly depends on the UBZ domain (Kratz et al. 2010; Liu et al.
2010; MacKay et al. 2010; Smogorzewska et al. 2010). The
UBZ domain also appeared to be necessary for resistance
to ICLs (Liu et al. 2010). However, this was recently chal-
lenged, as UBZ-deficient FAN1 could fully rescue the ICL
repair defects of a KIN patient cell line completely lacking
FAN1 protein (Zhou et al. 2012). This finding suggested a
possibility that the FAN1 and ID2 complex interaction is
not required for the ICL-processing activity of FAN1 and
that the cross-link repair function of FANT1 can take place
independently of the FA pathway. Evidence from studies
in the chicken DT40 cell line also support this view, as
FAN17/=JFANCC™/~ cells are more sensitive to cisplatin
than wild-type, FAN1~/~, or FANCC™/~ single-knockout
cells (Yoshikiyo et al. 2010).

Regardless of the genetic interaction with the FA path-
way, recent in vitro studies have highlighted a possible
mode of FANI1 activity on the cross-linked DNA sub-
strates (Wang et al. 2014; Zhao et al. 2014; Pizzolato
et al. 2015). These studies showed that FAN1 nuclease ac-
tivity is able to process the ICL-stalled replication fork-
like structures by cleaving 5’ flaps and also by processing
nicks made by other nucleases to digest 5’ to 3’ across the
cross-link, de facto unhooking it. However, despite the
convincing in vitro data, unhooking of a cisplatin ICL
was unaffected in FAN1-immunodepleted Xenopus laevis
extracts (Douwel et al. 2014). This DNA replication-de-
pendent ICL repair system relies on the FA proteins, in-
cluding the XPF/FANCQ-bound SLX4/FANCP, and the
depletion of FAN1 or MUSS81 alone did not have any effect
on the repair of the ICL lesions (Raschle et al. 2008;
Knipscheer et al. 2009; Douwel et al. 2014). This and the
previous studies stress the role of the XPF-ERCC1-SLX4
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complex as the essential nuclease for ICL unhooking
(Bhagwat et al. 2009; Kim et al. 2013; Douwel et al.
2014; Hodskinson et al. 2014) but leave open the possibil-
ity that the other ICL repair nucleases, including SLX4-as-
sociated MUSS81 and SLX1 as well as FAN1, may possess
redundant ICL processing activities or act on structures
other than the dual convergent fork during ICL repair
(for review, see Zhang and Walter 2014).

The in vitro activity of FAN1 on substrates containing
an ICL overlaps with the activity of SNM1A, one of the
three human homologs of Pso2, a nuclease that functions
in ICL repair in Saccharomyces cerevisiae (Henriques and
Moustacchi 1980; Ruhland et al. 1981; Hejna et al. 2007;
Wang et al. 2011). Mammalian SNM1A shares the most
similarity with Pso2 and is the only homolog that can
complement the ICL sensitivity of pso2A yeast (Hazrati
et al. 2008). Nonetheless, SNM1A deficiency has been
shown to confer very mild cross-link sensitivity in mouse
and human cells (Dronkert et al. 2000; Ahkter et al. 2005;
Wang et al. 2011). This suggests that SNM1A plays a mi-
nor role in mammalian ICL repair or that another ICL re-
pair nuclease, such as FAN1, may compensate for the loss
of SNM1A. Consistent with possible redundant roles of
SNMI1A and FANI, the Schizosaccharomyces pombe
Fan1 was recently shown to be nonepistatic with Pso2,
as pso2AfanlA displays greater cisplatin sensitivity than
a single pso2A or fanlA mutant alone (Fontebasso et al.
2013).

Although the role of FAN1 in DNA ICL repair is now
firmly established, how the loss of FAN1 function causes
chronic kidney degeneration in humans remains un-
known. It is also unclear whether the secondary pheno-
types reported for KIN patients, including anemia, liver
dysfunction, and upper respiratory infections, are a result
of faulty DNA repair. In addition, recent reports implicate
FAN1 as a colorectal cancer (CRC) and high-risk pancreat-
ic cancer (PC) susceptibility gene (Segui et al. 2015; Smith
et al. 2016).

To facilitate the study of FAN1 function, we created a
mouse model of Fanl deficiency and show that FAN1 is
essential for ICL resistance at both the cellular and organ-
ismal levels. Cells lacking FAN1 are less sensitive to
cross-link-inducing agents than cells lacking the FANC
proteins, and FAN1 has functions in ICL repair outside
of the FA pathway. In addition, we demonstrate that
SNM1A partially compensates for lack of FAN1 activity.
At the organismal level, FAN1 is required for the suppres-
sion of polyploidy and karyomegaly in the kidney and
liver and to safeguard liver function with increasing
age. FAN1 is also vital for the protection of the hemato-
poietic compartment when exogenous cross-linking
agents are used.

Results

FANT1 is required for resistance to DNA ICL-inducing
agents in mouse embryonic fibroblasts (MEFs)

To investigate the cellular and organismal functions of
FAN1, we generated FanI-deficient mice. The FanI locus



was targeted in embryonic stem cells using a conditional
Fan1tmiaKOMPEIWtst panistop) construct  (Knockout
Mouse Project [KOMP]) (Supplemental Fig. STA). The cor-
rectly targeted clone was used to create a mouse with a
single FanlIstop allele (Supplemental Fig. S1B,C), which,
through appropriate crosses (Supplemental Fig. S1A),
gave rise to animals carrying the disrupted Fanl allele
FanlAex3&4, which, for ease of labeling, we refer to here
as Fan1~ (Fig. 1A; Supplemental Fig. S1D). Southern blott-
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ing and PCR genotyping verified the generation of Fan1~/~
mice (Fig. 1B; Supplemental Fig. S1B-D). Removal of ex-
ons 3 and 4 from Fanl resulted in low Fanl transcript
and no visible protein expression in MEFs obtained from
homozygous Fan1~/~ embryonic day 13.5 (E13.5) embryos
(Fig. 1C; Supplemental Fig. S1E,F).

To assess whether FAN1 deficiency recapitulates the
cellular phenotypes seen in human cells devoid of
FANI1, we studied MEFs treated with the ICL-inducing

A B c \;'\ D __?.:100 . & ’l,‘:an1+/+
20.5kb o c o\ . 2 ) = Fani+/-
BamHI BamHI £ (:\"\ ((\"\ 0\'\ (\\; & 8 8o ?{l ~+Fant-+
Ex1 Ex2 Ex3 Ex4 Ex5 Ex6 2 L Lo 2 = \ L % o
Wild type —!l H AT E % i<' Ll % o "i - SIXdf3f3
5'probe w — & - * = I‘ "".‘ %
BamHI BamHI | mFAN1 -“& K] A | *\ i
Ex1 Ex2 Ex5 | ExB 23 kb [ WT ool e
Fan1Aex384 —L"—"B—lil— . = ) | W
Pl | [TMut O tubulin | s - - @ e ——
il G ' 0 10 20 30 40 50 60 70
: MMC (M)
E F G H 8
R o e
510 ~WT =10 ~WT Fant+/+ a '—‘.
£ ~+Fant-- 2 +Fant-/- ° E >
8 o]\ H_ i ¥ Skeram 3 80 - SI4f33 i £ )
5 ™ 5 pei 5]
5 60{ \ N = 60 3 S, %0 %
o : ¥
£ 40 \ : N < 40 Ly o
] = g K] ol e
Z 20 < 20 2 —_— —_— ==
@D e 3 = I k . . .
00 3 o1 3 A 00 00 500 200 Fan1+/+ Fani+/- Fanl+/+ Fani--
Acetaldehyde (mM) Formaldehyde (M) Untreated +50 N MMC
uBZ SAP NUC
K i [ [ M N
C44AICATA L480P D963A o
£ 30
=
| J . L e “Fan+/+ M MEFs Fant-- 3 & i
100 » Fant+/+ N Qn? 7 - ;:ﬂj:+ oV < 3 $20 .
2R 2 5 o2
5 +Fant- 5 S s0 = Fani-/-+ WT FAN1 94« BQ
£ oo - Fant-- + eV S £ Fani--+ FAN1 C44A/CATA 183 22 e
5 - Fant-~ + HA-mFan1 =] 3 "\, * Fant-/-+ EAN1 L480P + =388 22, . .
5 60 150KDa s 60 = Fan1-- + FAN1 D963A I F24° 8% 4
B = (=8 zzz =] e Saw Tl
2 o \ 100 kDA Z w0 . 8835557 28, T S o
£ . ..\"i‘ i = antiHA: E o K e prp—— iy §
5 ~ S - P 3
i ey, @ R, T tubulin * X o ((@" S
o | e, &
o 20 40 60 &0 100 5o 0. f0_ B0 Tho % @ -‘:PPv
MMC (nM) MRC (i) 3
Fan?-/-

Figure 1. FANI is necessary for resistance to DNA ICL damage in MEFs. (A) Schematic of the wild-type and Fan1Aex3 &4 mutant alleles.
The wild-type Fan1 gene contains a 20.5-kb BamHI restriction fragment that can be detected with a 5’ probe (red line). A correctly targeted
Fanl locus harbors a 3.1-kb deletion, including exons 3 and 4, resulting in a 17.4-kb fragment that hybridizes to the same probe. The FRT
and LoxP sites are indicated as blue and green triangles, respectively. See Supplemental Figure. S1A for full Fan1 targeting strategy. (B)
Southern blot analysis of BamHI-digested gDNA from Fanl1*/*, Fan1*~, and Fan1~/~ MEFs. (WT) Wild type; (Mut) mutant. (C) Immuno-
blot of extracts from MEFs of the indicated genotypes using an antibody recognizing mouse FAN1. HAmFANI1 is N-terminally HA-tagged
mouse FAN1 and is expressed in Fanl~/~ MEFs. (D) Survival of MEFs after treatment with the indicated doses of mitomycin C (MMC).
MEFs were treated in triplicate with increasing concentrations of MMC. After 6 d, cell numbers were determined and normalized to un-
treated control to calculate the percentage of survival. Error bars indicate SD. (E,F) Sensitivity to aldehydes of the indicated MEFs. MEFs
were treated in triplicate with increasing concentrations of acetaldehyde (0-8 mM) (E) or formaldehyde (0-300 uM) (F) for 2 h before being
washed three times with PBS and were cultured for an additional 6 d in non-drug-containing medium. After 6 d, cell numbers were deter-
mined and normalized to untreated control to calculate the percentage of survival. Error bars indicate SD. (G) Examples of metaphase
spreads of Fan1** (left) and Fan1~/~ (right) after exposure to 50 nM MMC for 24 h. Arrowheads indicate radial chromosomes shown in
the inset. (H) Quantification of chromosome breakage of Fan1*/* and Fan1~/~ MEFs shown in G. (****) P<0.0001, calculated using a t-
test. (I) Complementation of MMC sensitivity in Fanl~/~ MEFs. Fanl~/~ MEFs stably transduced with empty vector (eV) or vector ex-
pressing HA-tagged mouse FAN1 (HA-mFAN1) were exposed to different levels of MMC, as in D. Error bars indicate SD. (J) Immunoblot
showing the expression of HA-mFANI1 used in I. (K) Schematic representation of the mouse FAN1 protein indicating the mutations in the
key functional domains: C44A/C47A in the UBZ domain; p.L480P in the SAF-A/B, Acinus, and PIAS (SAP) domain; and p.D963A in (VRR-
NUC) virus-type replication repair nuclease (NUC) domain. (L) MEFs stably transduced with empty vector or vector expressing Fan1 var-
iants with mutations shown in K were MMC-treated as in D. Error bars indicate SD. (M) Immunoblot showing expression of mouse Fan1
mutant cDNAs in MEFs used in L. See also Supplemental Figure S1,IandJ, for additional complementation assays. (N) Quantification of
chromosome breakage analysis of the indicated MEFs treated with 50 nM MMC for 24 h.
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agent mitomycin C (MMC). Fanl~/~ MEFs were hyper-
sensitive to MMC when compared with Fanl*/* or
Fan1*/~ MEFs (Fig. 1D). They were also more sensitive
to treatment with acetaldehyde and formaldehyde, both
of which have been implicated as endogenous sources of
DNA ICLs (Fig. 1E,F). However, the level of sensitivity
to all tested ICL-inducing agents was significantly lower
than that of MEFs deficient in SLX4 (SIx4f3/f3), a scaffold
for three nucleases, including XPF, which is the major
effector of the FA pathway (Fig. 1D-F). Consistent with
previous reports, Fanl-deficient MEFs did not show hy-
persensitivity to either camptothecin (CPT) or hydroxy-
urea (HU), suggesting that FANI is specifically required
for the repair of DNA ICLs and not other S-phase-associat-
ed replication blocks (Supplemental Fig. S1G,H; Kratz
et al. 2010; Liu et al. 2010; MacKay et al. 2010; Smogor-
zewska et al. 2010).

The inability to repair ICL damage in Fan1~/~ MEFs was
further illustrated by an increase in the level of chromo-
some breaks and radial chromosomes when cells were
treated with MMC (Fig. 1G,H). Importantly, the cellular
sensitivity and the increased breakage in Fan1~/~ MEFs af-
ter MMC treatment could be fully complemented when
cells were transduced with wild-type mouse Fanl cDNA
(Fig. 1C,I,J,L,N; Supplemental Fig. S1L,J). This shows that
the cross-link repair defect in Fan1~/~ MEFs is due to a
lack of functional FAN1 protein.

The UBZ domain is not required for the cross-link repair
function of FAN1 and is dispensable for the recruitment
of FAN1 to sites of DNA damage

Our earlier work revealed that the UBZ domain was not
essential for the cross-link resistance activity of human
FANI1 (Zhou et al. 2012). In that study, the UBZ mutated
Cys44AlaCys47Ala human FAN1 was shown to fully res-
cue the ICL repair defect in the KIN patient cells. To as-
sess which domains of mouse FANI are important for
ICL resistance, we expressed mouse FAN1 with mutated
UBZ (p.Cys44Ala;Cysd7Ala), SAP (p.Leud480Pro), or nu-
clease (p.Asp963Ala) domains in Fan1~/~ MEFs and tested
complementation of ICL sensitivity in a survival assay.
Unlike expression of wild-type mouse Fan1 cDNA, which
was able to fully complement the MMC sensitivity of
Fanl-deficient MEFs, expression of cDNA carrying a
mutation in the SAP or nuclease domain resulted in no
rescue (Fig. 1K-M; Supplemental Fig. S1L]). In agreement
with our previous study, the Fanl variant (p.Cys44Ala;
Cys47Ala) behaved like the wild-type allele in this assay,
indicating that FAN1-conferred ICL resistance is indeed
independent of its FANCD2/FANCI interaction in mam-
malian cells (Fig. 1K-N). This result is perplexing, since
the UBZ domain is critical for stable localization of
FANI to the sites of DNA damage (Smogorzewska et al.
2010), and implies that a different domain of FAN1 might
be important for localization of FAN1 to the ICLs.
Recent crystallographic data revealed that the SAP
domain interacts extensively with the DNA (Gwon
etal. 2014; Wang et al. 2014; Zhang and Walter 2014), sug-
gesting that direct DNA binding to the ICL might be re-
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sponsible for the recruitment of FAN1 to sites of DNA
damage. To investigate the contribution of the UBZ and
the SAP domains to the localization of FANI1 at ICLs,
we studied the recruitment of human GFP-tagged FAN1
(GFP-hFANI1) to psoralen-induced ICLs in U20S cells
(Fig. 2A; Yan et al. 2012). Accumulation of wild-type
FAN1 was biphasic, with an initial rapid eightfold in-
crease of the protein over the first 2 min followed by a
slower but steady buildup over the next 13 min (Fig. 2B,
C; Supplemental Fig. S2A,B). Cells expressing GFP tag
alone or expressing GFP-hFANI1 but treated only with
the UV laser without prior incubation in the presence of
psoralen did not exhibit any recruitment to the laser
stripe. The UBZ-deficient FAN1 displayed an intact initial
rapid recruitment phase; however, its recruitment pla-
teaued after the first 2 min (Fig. 2C). The SAP domain ap-
peared to be necessary for the fast recruitment of FAN1 to
ICLs, as the FAN1 variant with the UBZ domain but no
SAP domain accumulated only very slowly at the sites
of the cross-links (Fig. 2D). The C-terminal protein lack-
ing both the UBZ and SAP domains did not accumulate
at ICLs. Since the UBZ domain binds to FANCD2, we as-
sessed recruitment of wild-type FAN1 in FANCD2-defi-
cient cells. As predicted, the initial stage of recruitment
was normal, but the second stage of recruitment was re-
duced (Fig. 2E). The effect was less pronounced than that
seen with FAN1 lacking the UBZ domain, which could
be due to residual levels of FANCD2 ubiquitination
(Kalb et al. 2007) or another, unknown protein that is
able to recruit FANI to sites of damage in a UBZ-depen-
dent manner. These results lead us to conclude that
FAN1 has two modes of recruitment to ICLs. One is
very fast and depends on the SAP domain and presumably
on the direct binding to the ICL. The other is a slower ac-
cumulation that depends on the UBZ domain and
FANCD2.

FAN1 can function independently of the FA pathway

Havingestablished that FAN1 can repair ICL damage inde-
pendently of its binding to FANCI/D2, we sought to deter-
mine whether FAN1 is epistatic with the FA pathway. To
elucidate this genetic interaction, we generated Fanl ™/~
Fancd2~'~ and Fanl~/~Fanca™" double-knockout MEFs
by crossing Fanl*/~ mice with Fancd2*/~ (Houghtaling
et al. 2003) or Fanca™'~ (Noll et al. 2002) mice. Fan1~/~
Fancd2™/~ animals generated from the intercrosses be-
tween Fanl~/~Fancd2*/~ mice were born at an observed
ratio of 0.21, which is not significantly different from the
expected ratio of 0.25. Fancd2~/~ and Fanca™'~ MEFs
were more sensitive to MMC than the Fan1~/~ cells (Fig.
3A,B). No further MMC-induced proliferation defect was
apparent in the double-mutant MEF cell lines compared
with cells lacking Fancd? or Fanca alone (Fig. 3A,B). How-
ever, a deficiency in Fan1 enhanced the degree of MMC-in-
duced chromosomal abnormalities in Fancd2~/~ MEFs
(Fig. 3C). To assess the epistasis in human cells, we
knocked out FAN1 in a patient cell line with biallelic dele-
tion of FANCA (Kim et al. 2013) using CRISPR/Cas9. In
this setting, FAN1 deficiency further sensitized cells to
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Figure 2. Two modes of FAN1 recruitment to sites of DN A—psoralen cross-links. (A) U20S cells stably transduced with a vector express-
ing wild-type or a UBZ mutant (C44A/C47A) GFP-hFAN1 were subjected to psoralen/UV laser-induced ICLs in a localized region of the
nucleus and subsequently imaged to monitor the recruitment of the GFP-tagged protein to the cross-link stripe. (B) Illustrative images
showing an accumulation of wild-type or a UBZ mutant (C44A/C47A) GFP-hFANI at the targeted site as a function of time. (WT)
Wild type. (C) A recruitment dynamics for wild-type or a UBZ mutant (C44A/C47A) GFP-hFAN1. The graph depicts GFP intensity at
the targeted site as a function of time in arbitrary units (AU). Ten cells were analyzed and averaged for each cell line. n = 10. Error bars
indicate SD. (D) Schematic of GFP-FANI1 deletion mutants used to define the domains involved in FAN1 recruitment to ICL sites.
U20S cells stably transduced with the GFP-tagged FAN1 deletion mutants depicted were treated as shown in A. The graph depicts
GFP intensity at the targeted site as a function of time in arbitrary units (AU). Five to 10 cells were analyzed and averaged for each cell
line. nn = 5-10. Error bars indicate SD. (E) PD20 cells complemented with human FANCD2 (human FANCD2*"*) or the empty vector (hu-
man FANCD2~/7) and stably transduced with a vector expressing wild-type GFP-hFAN1 were treated as in A. The graph depicts GFP in-
tensity at the targeted site as a function of time in arbitrary units (AU). Ten cells were analyzed and averaged for each cell line. n = 10. Error

bars indicate SD.

MMC, which was complemented back to levels of MMC
resistance seen in FANCA ™/~ cells by exogenously ex-
pressing wild-type FANI1 (Fig. 3D-F; Supplemental Fig.
S2D). Collectively, the analysis of the UBZ domain mu-
tant and the epistasis analysis support that FAN1 has a
cross-link resistance function that is independent of the
FA pathway. This FAN1-specific repair function is more
subtle compared with the activity of the FA-dependent
pathway in mammalian cells.

Genetic interactions of Fanl with Mus81

To determine the genetic interaction between Fanl and
Mus81, which contributes to ICL resistance, we generated
Fan1~/~Mus81~/~ MEFs. Mus81~/~ cells were signifi-
cantly more sensitive to MMC than wild-type cells but
less sensitive compared with Fan1~/~ cells (Fig. 4A). Nota-
bly, lack of Mus81 did not induce a remarkable increase
in MMC-induced chromosomal breakages, unlike that
seen in Fanl deficiency (Fig. 4B). The double-knockout
Fan1~/~Mus81~/~ MEFs generated through mouse inter-

crosses were as sensitive to MMC as Fanl ™/~ cells, sug-
gesting that Fanl and Mus81 are epistatic. Furthermore,
Mus81 knockout also did not significantly change the ex-
tent of chromosomal aberrations in MEFs lacking Fanl
(Fig. 4B), although there was a trend of increased abnor-
malities in the double-deficient cells.

FAN1 deficiency can be partially compensated
for by SNM1A

Recent biochemical analyses revealed that in vitro FAN1
can incise close to a cross-link embedded in a variety of
DNA substrates. In some cases, the processing of cross-
link substrates by FAN1 occurred at both the 5 and 3’
sides of the cross-link, leading to complete unhooking of
the DNA cross-link (Wang et al. 2014; Pizzolato et al.
2015). To date, SNM1A, a homolog of yeast Pso2, is the
only other known ICL-processing nuclease that is capable
of digesting past the ICL, leading to the insight that FAN1
may be functionally redundant with SNM1A in DNA ICL
repair. To test this hypothesis, we used three different
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shRNAs to deplete Snm1a in both wild-type and Fan1~/~
MEFs. As previously reported, Snm1a depletion alone did
not cause significant sensitivity to MMC in mouse cells
(Fig. 4C,D). However, depletion of SnmIa further sensi-
tized Fanl-deficient cells to MMC, and the level of
MMC sensitization correlated with the level of Snm1la
mRNA knockdown (Fig. 4C,D; Supplemental Fig. S2E).
To confirm these results in a cell line that completely
lacks both FAN1 and SNM1A, we knocked out Snm1a us-
ing CRISPR/Cas9. The double-deficient cells were more
sensitive than Fanl~/~ cells and almost as sensitive as
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the SLX4-deficient cells (Fig. 4E,F). FAN1 with an inacti-
vated UBZ domain was able to complement an ICL repair
defect in Fan1~/~shSnm1a MEFs to the level of wild-type
cells, indicating that the UBZ domain is also dispensable
for ICL resistance in this setting. (Fig. 4G,H).

Lack of Fan1 results in progressive kidney and liver
karyomegaly and liver dysfunction

Fanl~~ mice were born at the expected Mendelian
ratio with no overt developmental abnormalities
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(Supplemental Fig. S3A). The growth of Fanl™~ mice
from birth until 12 wk of age was comparable with wild-
type and heterozygous littermates (Supplemental Fig.
S$3B). Furthermore, Fanl~/~ mice were fertile, producing
on average eight pups per cross, a number comparable
with those produced in crosses of heterozygous mice (Sup-
plemental Fig. S3C).

Since one of the most pronounced characteristics of hu-
man KIN is the presence of karyomegalic nuclei in cells of
multiple tissues, we monitored the histology of kidney
and liver tissues in an aging cohort of mice. At 3 mo, we
did not observe any remarkable differences between the

distribution of nuclear sizes in renal tubular cells of
Fan1~/~ and wild-type animals (Fig. 5A,B). Increased nu-
clear size became detectable in Fanl mice at 6 mo of age
(Fig. 5B). The level of renal karyomegaly further intensi-
fied with age, as the proportion of cells with larger than
median nuclear size rose more than twofold to ~29% in
12-mo-old Fanl mice (Fig. 5B,C). Notably, the number
of tubular cells with nuclei larger than the median size
also went up to ~10% in 12-mo-old wild-type animals.
However, the nuclear size in this cohort did not exceed
1.2 times the median, unlike Fan1~/~ animals at an equiv-
alent age, which displayed a significant fraction (17%)
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Figure 5. Fanl mice develop karyomegaly. (A) Hematoxylin and eosin (H&E) staining of kidneys from Fan1*/* and Fan1~/~ mice at 3 and
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that were >1.2 of the median. Significant karyomegaly
was absent from glomeruli of Fan1~/~ mice (Fig. 5D)
Despite the presence of karyomegaly, we detected no
significant elevation in the level of blood urea nitrogen,
creatinine, phosphorus, and magnesium in Fan~/~ mice
throughout the experiment (Supplemental Fig. S4A-D).
These results indicated that, even with apparent karyo-
megaly, the kidneys of the 18-mo-old Fanl1~/~ animals
still retain sufficient function to support homeostasis. Ad-
ditional experimental manipulations inducing kidney in-
jury may be necessary to elicit overt kidney failure.
Similar to the kidney, there was no discernable differ-
ence between the hepatocyte nuclear size distribution
of 3-mo-old wild-type and Fanl1~/~ mice. However, in
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18-mo-old mice without functional FAN1, a large fraction
(>50%) of nuclei became significantly enlarged (Fig. 5E,F).
Consistent with the polyploidization of the cells in KIN
patients, the enlarged cells in the kidney and liver tissue
had increased numbers of hybridization signals of probes
recognizing three different chromosomes. In contrast,
the spleen, which did not manifest karyomegaly, had
very few cells with more than two signals (Fig. 5G,H; Sup-
plemental Fig. S4E).

In order to determine whether the liver morphology had
an impact on liver function, we analyzed liver enzymes
and serum proteins in 3- to 18-mo-old animals. Fan1~/~
animals displayed elevated alanine transaminase and as-
partate transaminase while exhibiting lowered albumin



and globulin levels (Fig. 6A; Supplemental Fig. S4F-I). The
rise in serum liver enzyme and concurrent reduction in
serum proteins indicate that the increase in karyomegalic
hepatocytes coincides with the deterioration of liver func-
tion. Taken together, these results strongly supported that
FAN1 is required to suppress age-dependent development
of karyomegaly in the kidney and liver. The Fanl~/~
mouse model thus accurately phenocopies the KIN condi-
tions observed in humans and will be instrumental in un-
derstanding human disease and potentially the aging-
associated changes in these tissues.

Fan1™'~ mice are susceptible to cross-linking agent-
induced bone marrow failure

Anemia has been reported in a number of human KIN cas-
es, prompting us to investigate the possible hematological
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dysfunction in Fanl-deficient mice. At the peripheral
blood level, Fan1~/~ mice did not show obvious signs of
cytopenia at a young age (Supplemental Fig. S5). To ex-
plore the possibility of bone marrow abnormality in
Fan1 animals, we analyzed the hematopoietic stem cell
(HSC) population in the bone marrow of young (3 mo)
and old (18 mo) mice with or without Fan1 deficiency.
We could not detect any remarkable changes in the level
of the Lineage (Lin)~ Sca-1" c-Kit" (LSK) or Lin~ Sca-1~
c-Kit" (LK) populations between Fanl*/* and Fanl™/~
mice (Fig. 6B; Supplemental Fig. S6A). The numbers of
long-term, short-term, and multipotent HSCs as well as
the more differentiated progenitor cells—megakaryo-
cyte/erythroid progenitors, granulocyte/monocyte pro-
genitors, and common myeloid progenitors—in Fanl ™/~
animals were also similar to that of the wild-type control
in the same age groups (Supplemental Fig. S6B,C). Also,
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Figure 6. FANI1-deficient mice develop liver dysfunction, are sensitive to MMC, and develop hypocellular bone marrow. (A) Analysis of
liver function from 12- to 18-mo-old Fan1*/* and Fan1~/~ mice. Alanine transaminase (ALT), aspartate transaminase (AST), albumin
(ALB), and globulin (GLOB) were tested in the serum. Bars represent mean = SD. (***) P <0.001; (**) P <0.01, calculated using F-test. (B)
Quantification of hematopoietic stem cells (HSCs) isolated from Fan1*/* and Fan1~/~ mice assessed by FACS. n =3 per genotype. Error
bars indicate SD. (C) Quantification of HSCs isolated from mice of the indicated genotype, assessed by FACS. n =3 per genotype. (WT)
Wild type. Error bars indicate SD. (D) Survival of Fan1*/*, Fan1*/~, and Fan1~/~ mice (n = 10 per genotype) after a single treatment with
10 mg/kg MMC. Mice from each genotype were monitored up to 20 d following MMC intraperitoneal injection. (E) Total number of cells
per femur of Fan1** and Fan1~/~ mice untreated or treated 1 wk prior with 10 mg/kg MMC. Bars represent mean + SD. [**) P<0.01, cal-
culated using unpaired t-test. (F) Percentage of live bone marrow cells that were enriched for ¢-Kit* population. The bone marrow cells
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0.01, calculated using unpaired ¢-test. (G) Bone marrow and thymus histology from Fan1*/* and Fanl~'~ mice treated 1 wk prior with
10 mg/kg MMC. Representative images at 10x and 63x are shown. (H) White blood cell (WBC) and platelet (PLT) counts of Fan1*/* and
Fan1~'~ mice untreated or treated 1 wk prior with 10 mg/kg MMC. Bars represent mean + SD. (**)P < 0.01, calculated using unpaired t-test.
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inactivation of Fanl in mice with Fancd2 deficiency
did not significantly reduce the level of hematopoietic
progenitor cells compared with Fancd? single-mutant
mice (Fig. 6C; Supplemental Fig. S6D,E). Collectively,
these results indicated that the activity of FAN1 is not re-
quired for the protection of early HSCs under unstressed
conditions.

Although the bone marrow was not functionally com-
promised in Fanl~/~ mice, we asked whether FAN1 was
required upon exogenous treatment with ICL-inducing
agents. Fan1~/~ and control mice were treated with a sin-
gle intraperitoneal injection of 10 mg/kg MMC and were
followed over the next 3 wk. Some wild-type and hetero-
zygous Fan1*/~ mice showed a minor drop in body weight
after receiving the MMC; nevertheless, most eventually
regained the initial weight and tolerated the dose of
MMC given until the end of the experiment (20 d) (Supple-
mental Fig. S7A). In contrast, all Fan1~/~ mice reacted
acutely to MMC, displaying a significant drop in body
weight (10%-30%) following the treatment (Supplemen-
tal Fig. S7A). Ninety percent of Fanl~/~ mice tested died
(Fig. 6D). On day 7 after treatment with MMC, a parallel
cohort of Fan1~/~ mice displayed depletion of the hemato-
poietic progenitor cells, as shown by a decrease in total
cell number in the femurs and a complete disappearance
of c-Kit* bone marrow cells following MMC treatment
(Fig. 6E,F; Supplemental Fig. S7B,C). In agreement, the
histological analysis revealed pronounced hypocellularity
in the bone marrow and the thymus of Fan1~/~ mice (Fig.
6G). The effect of ICL repair deficiency on the hematopoi-
etic system of Fanl~/~ animals was further supported by
significant neutropenia and thrombocytopenia. Although
the red blood cell (RBC) count was largely unaltered due to
the long half-life of RBCs, the reticulocyte counts of
Fan1~/~ mice was significantly lower than Fanl*/* mice
at day 7 after MMC treatment (Fig. 6H; Supplemental
Fig. S7D). These results illustrate the necessity of FAN1
for the maintenance of hematopoiesis and survival of
animals exposed to high levels of exogenous cross-link
damage.

Discussion

We created a Fanl-deficient mouse model and demon-
strated the significance of FAN1 in the protection of cells
and organs from DNA ICL damage. On the cellular level,
FANI1 is necessary for resistance to DNA ICL agents, with
FAN1-deficient cells showing decreased survival after
various ICL-inducing agents—MMC, acetaldehyde, and
formaldehyde—when compared with FANI-proficient
cells. The absence of FAN1 in mice reveals karyomegaly
in the liver associated with liver dysfunction as well as
karyomegaly in the kidney. In addition, the mice are sen-
sitive to MMC and develop bone marrow dysfunction
when challenged. Overall, our mouse model recapitulates
the pathology of human KIN in which FANT mutations
have been identified (Zhou et al. 2012). Although FAN1
mutations in the general population are rare, patients
with such mutations are predicted to have adverse reac-
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tion if they were to be treated with ICL-inducing
chemotherapeutics.

FANT1 and organ dysfunction

Fanl-deficient mice display karyomegaly in epithelial
cells lining the renal tubules and in the liver as early as
at 6 mo of age, and the number of enlarged nuclei as
well as the average size of the nuclei increase with time,
suggesting a continuous and chronic process. The fluores-
cent in situ hybridization (FISH) analysis of 18-mo-old
mice revealed increased ploidy at three different chromo-
somes, consistent with reduplication of the genome in the
karyomegalic nuclei. This implies that these cells induce
replication cycles, which are not followed by mitoses. It is
unknown at this time whether the whole genome is redu-
plicated in the karyomegalic cells or whether there re-
main portions of the genome that are underreplicated in
comparison with the bulk of the genome. It will be of in-
terest to examine whether underreplicated regions exist
and, if so, where they occur. The extensive karyomegaly
seen in the liver in this mouse model might also be useful
for understanding of the mechanism of polyploidization
in normal hepatic tissues during aging.

Similar to human KIN patients, FanI-deficient mice
exhibit liver function abnormality, as determined by an
increase in aspartate transaminase and alanine tran-
saminase and a reduction in the level of liver-produced al-
bumin and globulin at 18 mo of age. Hepatocytes are
especially prone to increasing their ploidy during develop-
ment and in response to insults, including DNA damage
(for review, see Gentric and Desdouets 2014). The pro-
gressive nature of polyploidization and the correlation of
ploidy increase and functional decline suggest that poly-
ploidization is a pathologic and not adaptive event in
the FAN1-deficient animal.

Although both the livers and kidneys of the Fan1-defi-
cient mice display karyomegaly at 18 mo, we observed
only liver, but no kidney, dysfunction, as assessed by
blood serum levels of urea nitrogen, creatinine, and elec-
trolytes. However, the blood level of these metabolites
are more specifically measures of glomerular function
and are not sensitive markers of the function of proximal
tubules, the primary subtype of kidney cells affected in
the Fanl-deficient mice. Furthermore, the kidney is a
very resilient organ, and usually only loss of the majority
of kidney tissue results in a visible functional decline. The
C57BL/6] background may also be protective for the kid-
ney in our model. Functional decline of the kidney may
become detectable with age or might have to be elicited
by nephrectomy or an increase of endogenous DNA dam-
age load (see below).

The major unanswered question in the understanding of
the pathophysiology of KIN is the nature of the lesion that
FANI1 repairs. The progressive nature of the disease and
our knowledge that FANI1 participates in ICL repair sug-
gest that an endogenous ICL-inducing agent may be a cul-
prit in this disease. However, it is possible that different
DNA lesions may play a role in KIN pathogenesis. Gener-
ally, cases of KIN described in the literature exclude



exposure to environmental genotoxins such as ochratoxin
A, heavy metals, or herbal medicines (Mihatsch et al.
1979; Bhandari et al. 2002; Uz et al. 2011; Radha et al.
2014), leaving endogenously derived toxins as more likely
candidates. Given the recent data implicating acetalde-
hyde and formaldehyde in the pathogenesis of FA (Lange-
vin et al. 2011; Garaycoechea et al. 2012; Hira et al. 2013;
Pontel et al. 2015), the contribution of aldehydes to the
pathogenesis of KIN needs to be examined. Recent work
demonstrates that an inactivation of alcohol dehydroge-
nase 5 (ADH5/GSNOR), which is responsible for formal-
dehyde detoxification, results in karyomegaly, kidney
failure, and abnormal liver function when combined
with Fancd2 deficiency (Pontel et al. 2015). Although,
the glomerular damage seen in the Fancd2™/~Adh5~/~
mice is not observed in Fanl~/~ animals, implying differ-
ences in the pathology of the underlying disease, the in-
creased levels of endogenous formaldehyde present in
the Adh5~/~ background will provide a good model to
test whether formaldehyde-inflicted damage necessitates
FANI1 activity in the kidney or liver. We showed that
FANI is essential for cellular resistance to acetaldehyde
and formaldehyde; thus, it is possible that the double-mu-
tant mice with deficiency in Fanl and formaldehyde ca-
tabolism will expose the kidney phenotype at a faster
rate. Endogenous aldehydes could also be linked to chron-
ic kidney disease in humans.

In contrast to patients with FA, KIN patients do not
develop pancytopenia at a young age (Zhou et al. 2012).
However, when diagnosed with kidney failure, some
KIN patients exhibit mild anemia of a presently un-
known cause. The analyses of the bone marrow histology
and HSCs in Fanl™~ mice do not reveal a discernable
change from the wild-type level in either young or old
animals. Furthermore, Fan1 deficiency does not signifi-
cantly enhance the HSC defect observed in Fancd2~/~ an-
imals. These data suggest that the activity of FANI is
dispensable for the protection of blood stem cells from
DNA damage under unperturbed conditions. Only one
Fanl~/~ mouse in our study exhibited signs of blood
cytopenia during the first 18 mo of life. Similar to the
kidney function, it remains possible that the expression
of a mild anemia phenotype observed in humans requires
a latency period >18 mo in mice. If that proves to be true,
the question of whether the origin of such a phenotype is
due to an intrinsic bone marrow stem cell insufficiency
or is the consequence of a kidney defect needs to be
addressed.

Despite not being required under unstressed condi-
tions, FANI is essential for the maintenance of hemato-
poiesis when animals are challenged with doses of cross-
linking agents that can be tolerated by the wild-type an-
imals. The bone marrow and thymus were particularly
prone to ICL-induced toxicity in Fanl-deficient animals,
and the treatment with MMC resulted in 90% mortality.
Defects in the kidney and liver were not detected under
the acute MMC treatment used in this study. More
chronic, low-dose treatments might be necessary to in-
duce kidney and liver dysfunction in young Fanl™/~
animals.

FANI1 deficiency in mice

FANT1 and ICL repair

Our studies using MEFs recapitulate the behavior of hu-
man cells deficient for FAN1, with the nuclease activity
of FAN1 being necessary for protection against ICLs. Re-
sistance in MEFs heterozygous for the FanI-deficient al-
lele suggests that FAN1 is not haploinsufficient for ICL
repair, consistent with KIN being a recessive disease in
humans. Our data clearly indicate that FANT1 acts during
ICL repair independently of its UBZ domain. The interac-
tion between FANI and the ID2 complex has generally
been thought to be crucial for the recruitment of FAN1
to the sites of cross-linked DNA and its involvement in
ICL repair (Kratz et al. 2010; Liu et al. 2010; MacKay
et al. 2010; Smogorzewska et al. 2010). However, the cur-
rent study provides strong evidence to support our previ-
ous observation that the UBZ domain is not essential for
ICL resistance (Zhou et al. 2012). FAN1 can travel to the
ICLs independently of the UBZ domain and in cells lack-
ing FANCD2. The SAP domain is critical for the rapid re-
cruitment of FAN1 to the ICLs, and the UBZ-dependent
phase of ICL recruitment coincides with the localization
of FANCD? at the cross-link that slowly peaks following
an earlier enrichment of the FA core complex (Yan et al.
2012). These experiments indicate that the direct DNA-
FANI1 interaction that brings the nuclease to the ICL is
the important step during ICL repair. Its function could
be used in the context where the FA proteins are unable
to act efficiently; for example, in the GO or G1 stage of
the cell cycle or at a subset of lesions that have structures
other than the convergent replication fork.

This still leaves the ICL repair functions, if any, of the
UBZ domain and the interaction between FANT1 and the
ID2 complex unexplained. It is possible that the UBZ
domain is required for the functions of FAN1 and ubiqui-
tinated FANCD2/FANCI that are unrelated to the repair
of the ICLs. The UBZ domain is a more recent evolution-
ary extension of FAN1 protein architecture (MacKay et al.
2010; Smogorzewska et al. 2010). In yeast, Fan1 is capable
of conferring ICL repair activity in the absence of the UBZ
domain (Fontebasso et al. 2013). One potential role of the
interaction between FAN1 and FANCD2/FANCI outside
of ICL repair includes the processing of replication forks
under normal or replicative stress conditions (Schlacher
et al. 2012; Chaudhury et al. 2014; Chen et al. 2015).
Most recently, it has been shown that the UBZ domain
of FANI is essential for the processing of replication forks
and protection against chromosome instability after treat-
ment with HU and MMC (Lachaud et al. 2016). Although
our experimental conditions did not reveal the necessity
of the functional UBZ domain for the maintenance of
chromosomal stability after MMC treatment, it remains
to be determined whether the fork-protective function
of FAN1 is also responsible for organ-protective functions.

Consistent with the UBZ not being necessary for ICL re-
sistance, we showed that FAN1 has functions outside of
the FA repair pathway. Our data here are consistent
with studies in DT40 chicken cells, which report that
FANI1 is not epistatic with FANCC and FANCJ in
ICL resistance (Yoshikiyo et al. 2010). Based on the
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MMC-induced proliferation defect, the FA protein net-
work represents the predominant ICL repair pathway in
mammalian cells (Zhou et al. 2012). However, FAN1 inac-
tivation can additively enhance the ICL-induced prolifer-
ation defect in FANCA-deficient cells and chromosomal
aberration in cells lacking FANCD2 at high loads of
cross-links. These results firmly show the presence of an
FA-independent function of FAN1 that can contribute to
the protection of cells from accruing extensive genomic
alterations inflicted by ICL agents.

FANT1 vs. other nucleases

Processing of ICL lesions is complex. Recently, in vitro
biochemical analyses of SLX4/FANCP- and XPF/
FANCQ-dependent processing of the cross-links and the
ICL unhooking studies from Xenopus egg extracts strongly
support the major involvement of the 3’ flap endonuclease
activity of XPF/FANCQ in initiating and completing ICL
incisions (Douwel et al. 2014; Hodskinson et al. 2014).
However, it is evident from the published biochemical
work and our unpublished data that FAN1, through its en-
donuclease and exonuclease activities, is able to incise and
completely unhook different types of cross-link substrates
in vitro (Zhao et al. 2014; Pizzolato et al. 2015; A Wang,
L Timashev, and A Smogorzewska, unpubl.). The discrep-
ancy may come from the fact that FAN1 may be involved
at stalled forks that do not look like the divergent replica-
tion forks formed on plasmids in the Xenopus egg extracts
or that FAN1 predominantly works in G1 and not in
S phase. The other possibility as to why FANTI depletion
in the egg extracts does not lead to a discernable ICL un-
hooking defect is the presence of redundant nucleases in
the extracts. In the present study, we identified SNM1A
as being redundant with FAN1 during the ICL damage re-
sponse. Unlike FAN1, SNM1A deficiency by itself exhib-
its only a very mild cross-link sensitivity in mammalian
cells (Dronkert et al. 2000; Ahkter et al. 2005). In fact, in
our hands, depletion of SNM1A in fibroblasts elicited no
significant sensitivity to ICLs. On the other hand, cells
lacking both FAN1 and SNM1A were almost as sensitive
to cross-linking agents as cells lacking the FA proteins
such as SLX4 or FANCD?2, suggesting that the ICL incision
could be severely compromised when both SNM1A and
FANI1 are absent. The analysis of the ICL incision and re-
pair after a double depletion of both FAN1 and SNM1A
in the Xenopus egg extracts will be helpful to address
whether these nucleases have redundant functions in
this setting. The long-term effects of SNMI1A deficiency
have not been studied in mice, and it will be of interest
to determine whether the SnmIa™/~ animals develop
KIN. If Fan1~/~Snm1a~'~ mice show exacerbation of the
KIN phenotype, that would confirm the redundant func-
tion of the two nucleases in vivo.

Materials and methods
Generation of Fan1-deficient mouse strains

All of the animals were handled according to the Rockefeller Uni-
versity Institutional Animal Care and Use Committee protocols.
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The Fanl gene targeting construct [Fan1™!a(KOMPIWisi, Moyge
Genome Informatics (MGI) code 4940765] was generated by the
KOMP. The construct was electroporated into albino B6 mouse-
derived embryonic stem cells, and the targeted embryonic stem
cells were injected into C57BL/6] blastocyst to generate chimeric
animals. Germline transmission of the targeted allele Fan1(stop)
was verified by the 5 and 3’ probes on Southern blots (Supplemen-
tal Fig. SIA-C) and used to generate Fanllox from the cross with
the FLPe deleter mouse stain (Jackson Laboratories). The Fanl-
Aex3&4 allele was generated from the cross between Fanl+/lox
and E2a-Cre mice (Jackson Laboratories). Fanca- and Fancd2-defi-
cient mice of the 129SV background were obtained from Marcus
Grompe (Noll et al. 2002; Houghtaling et al. 2003). SIx4-
and Mus81-deficient mice of the C57/Bl6 background were ob-
tained from Paula Cohen (Dendouga et al. 2005; Holloway et al.
2011). Genotyping was carried out by PCR on DNA isolated
from mouse tail biopsy samples digested overnight in 0.4 mg/
mL Proteinase K supplemented with Direct PCR lysis reagent
(yolk sac; Viagenbiotech). Genotyping primers are shown in Sup-
plemental Table S1.

Cell culture

Primary MEFs were obtained from E13.5 embryos using standard
techniques and cultured in DMEM containing 15% heat-in-
activated FBS, 100 U/mL penicillin, 0.1 pg/mL streptomycin,
0.1 mM nonessential amino acids, and glutamax (Life Technolo-
gies). MEFs were immortalized at passage 2 using pMSCVNeo
HPV16EGE?7.

DNA damage sensitivity assays

Cells were plated in a six-well cell culture plate in triplicate at a
density of 3.5 x 10* to 4 x 10* cells per well. Twenty-four hours
later, drugs (MMC, HU, and CPT) were added. After 6-8 d of cul-
ture, cell numbers were determined using the Z2 Coulter Coun-
ter (Beckman Coulter). Cell numbers after treatment were
normalized to cell numbers in the untreated sample to give the
percentage of survival.

Chromosome breakage analysis

Cells were exposed to 50 or 100 nM MMC for 24 h before 2 h of
treatment with 0.167 pg of colcemid per milliliter of medium.
Cells were harvested, incubated for 15 min at 37°C in 0.075 M
KCl, and fixed in freshly prepared methanol:glacial acidic acid
(3:1). Metaphase spreads were prepared by dropping cells onto
wet microscope slides. Slides were air-dried for 12 h at 40°C be-
fore staining with 6% Karyomax Giemsa (Life Technologies) in
Gurr buffer (Life Technologies) for 3 min. After rinsing with fresh
Gurr buffer and distilled water, slides were fully dried at room
temperature and scanned using the Metasystems Metafer. Chro-
mosome breakage is reported as breaks per 100 chromosomes to
remove any biases that come from polyploidization of immortal-
ized MEFs. One-way ANOVA or t-test was used to determine the
statistical significance. The quantification was performed in a
blinded manner.

Mutagenesis

Mouse Fanl cDNA was cloned from wild-type MEFs into
pENTR/D-TOPO (Life Technologies). Mutagenesis was per-
formed using the QuikChange multisite-directed mutagenesis
kit (Agilent) per the manufacturer’s instructions using the oligo-
nucleotides listed in Supplemental Table S1.



RNAi and CRISPR/Cas9-driven genome editing

Snm1la mRNA level was stably knocked down in MEFs using
pZIP (mCMYV) lentiviruses (Transomic). MEFs were transduced
with shRNA-expressing lentiviruses and selected for 1 wk with
3 pg/mL puromycin. RA3087 FANCA™~ human fibroblasts and
Fanl™~ MEFs were transduced with lentivirus expressing
pCW-Cas9 vector encoding a doxycycline-inducible Cas9 ex-
pression cassette (plasmid 50661; Addgene; originally from the
Lander and Sabatini laboratories, Massachusetts Institute of
Technology). After selection with 50 pg/mL hygromycin (for
MEPFs) or 3 pg/mL puromycin (for human fibroblasts), a single
clone with an undetected basal level of pCW-Cas9 but showing
increased expression following doxycycline induction was select-
ed before being transduced with lentivirus expressing single guide
RNA (sgRNA) against target sequence. Following selection in
3 pg/mL puromycin (for MEFs) or 5 pg/mL blasticidin (for human
fibroblasts), cells were treated with 100 ng/mL doxycycline for
48 h before single cells were plated in 96-well plates. Isolated
clones were screened for CRISPR-mediated genome editing at
the target region by sequencing of genomic DNA. The reduction
of the corresponding mRNA transcripts or protein level was used
to validate knockout. Sequences of sShRNAs and sgRNAs are list-
ed in Supplemental Table S1.

Localization of GFP-FAN]1 to psoralen ICLs

We followed a published protocol to detect proteins recruited at
laser-induced localized ICLs (Thazhathveetil et al. 2007). Cells
seeded in a 35-mm glass-bottomed culture dish (MatTek) were in-
cubated with 5 uM psoralen for 20 min at 37°C prior to laser pho-
toactivation. Localized irradiation was performed using the
Nikon Eclipse TE2000 confocal microscope equipped with an
SRS NL100 nitrogen laser-pumped dye laser (Photonics Instru-
ments) that fires 5-nsec pulses with a repetition rate of 10 Hz at
365 nm and a power of 0.7 nW, measured at the back aperture
of the 60x objective. The diffraction limited spot size was ~300
nm. The laser, controlled by Volocity 5 software (Improvision,
Perkin Elmer), was directed to deliver pulses to a specified rectan-
gular region of interest (ROI) within the nucleus of a cell (4 x 20
pixels, 0.16 pm per pixel) visualized with a Plan Fluor 60x/N.A.
1.25 oil objective. The laser beam fired randomly throughout
the ROI until the entire region was exposed, after which the pho-
toactivation of the ROI was repeated. Throughout an experiment,
cells were maintained at 37°C, 5% CO,, and 80% humidity using
a Live Cell environmental chamber. At different time intervals,
cells from different areas of the dish were treated with the laser
to generate a time course on a single plate. After the final time
point, cells were fixed immediately in freshly prepared 4% form-
aldehyde in PBS for 10 min at room temperature. The GFP signal
was imaged using a Hamamatsu EM-CCD digital camera at-
tached to the Nikon Eclipse TE2000 confocal microscope.

Antibodies

Immunoblotting and immunofluorescence were performed using
the following antibodies: mouse FAN1 (S101D; a gift from John
Rouse), mouse FANCD2 (Abcam, EPR2302), HA (Covance,
MMS-101R), human FANI (antibody raised in-house, RC394),
GFP (Roche), and yH2AX (Upstate Biotechnology).

RT-PCR

RNA was isolated using the RNeasy Plus extraction kit (Qiagen).
cDNA was synthesized using the SuperScript IIT first strand
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synthesis system (Life Technologies), and RT-PCR was per-
formed using the Platinum SYBR Green qPCR SuperMix-
UDG (Life Technologies). All steps were carried out per the
manufacturers’ instructions. Mouse actin was used as an internal
control. Primers used for RT-PCR are listed in Supplemental
Table S1.

Histology

Tissues were harvested and fixed in neutral buffered formalin for
20 h at 4°C. They were then embedded in paraffin, sectioned, and
hematoxylin and eosin (H&E)-stained. Quantification of nuclear
size in tissues was performed blinded to the genotype of the sam-
ple. Images were taken on a Zeiss Axiovert 40 microscope and an-
alyzed in Image]J. At least 150 cells from each tissue were included
in the analysis.

FISH

FISH analysis was performed on formalin-fixed paraffin sections
using an in-house three-color probe for chromosomal regions
12qAl.1, 16qA, and 17qAl. The probe mix consisted of the fol-
lowing BAC clones: 12qA1.1 (clones RP23-16809, RP23-54G4,
and RP23-41E22, labeled with green dUTP), 16qA (clones RP23-
290E4, RP23-356A24, and RP23-258]4, labeled with red dUTP),
and 17qAl (clones RP23-73N16, RP23-354J18, and RP23-
202G20, labeled with orange dUTP). Probe labeling, hybridiza-
tion, post-hybridization washing, and fluorescence detection
were performed according to standard procedures. Slides were
scanned using a Zeiss Axioplan 2i epifluorescence micro-
scope equipped with a megapixel CCD camera (CV-M4*CL,
JAI) controlled by Isis 5.5.9 imaging software (MetaSystems
Group, Inc.).

Whole-animal MMC sensitivity studies

Twelve-week-old mice were injected intraperitoneally with a sin-
gle dose of 10 mg of MMC per kilogram of body weight. Survival
and body weight measurements were recorded daily. The percent-
age of survival was calculated according to the Kaplan and Meier
method (Kaplan and Meier 1958). Differences in survival between
the different genotypes were tested for significance by the log-
rank test. The hematopoietic analyses were done 7 d following
MMC treatment in an independent cohort of mice.

LSK analysis

Bone marrow cells were isolated from the femurs and tibiae of
mice by crushing the bone in FACs buffer (2% FBS in 1x PBS) be-
fore filtering through a 40-mm cell strainer. The early progenitor
cells (c-Kit*) were enriched by a 30-min incubation with CD117
(c-Kit) microbeads (Miltenyi Biotec) before being stained for 1 h
at 4°C with the following antibodies: PerCP-cyanine5.5-conjugat-
ed lineage cocktail with antibodies anti-CD4 (clone RM4-5; eBio-
science), CD3e (clone 145-2C11; eBioscience), Ly-6G/Gr-1 (RB6-
8C5; eBioscience), CD11b/Mac-1 (clone M1/70; eBioscience),
CD45R/B220 (RA3-6B2; eBioscience), CD8a (clone 53-6.7; eBio-
science), TER-119 (eBioscience), anti-c-Kit (APC, clone 2B8; eBio-
science), anti-Sca-1 (BV421, clone D7; Biolegend), anti-CD150
(SLAM; PE, clone TC15-12F12.2 biolegend), anti-CD34 (FITC,
clone RAM34; eBioscience), and anti- CD16/32 (AF700, clone
93; eBioscience) (Frascoli et al. 2012). Samples were run on a LSRII
flow cytometer (BD Pharmingen), and the data were analyzed
with Flow]Jo software.
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