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ABSTRACT

During mild replication stress provoked by low dose
aphidicolin (APH) treatment, the key Fanconi ane-
mia protein FANCD2 accumulates on common fragile
sites, observed as sister foci, and protects genome
stability. To gain further insights into FANCD2 func-
tion and its regulatory mechanisms, we examined
the genome-wide chromatin localization of FANCD2
in this setting by ChIP-seq analysis. We found that
FANCD2 mostly accumulates in the central regions of
a set of large transcribed genes that were extensively
overlapped with known CFS. Consistent with previ-
ous studies, we found that this FANCD2 retention
is R-loop-dependent. However, FANCD2 monoubig-
uitination and RPA foci formation were still induced
in cells depleted of R-loops. Interestingly, we de-
tected increased Proximal Ligation Assay dots be-
tween FANCD2 and R-loops following APH treatment,
which was suppressed by transcriptional inhibition.
Collectively, our data suggested that R-loops are re-
quired to retain FANCD2 in chromatin at the middle
intronic region of large genes, while the replication

stress-induced upstream events leading to the FA
pathway activation are not triggered by R-loops.

INTRODUCTION

Fanconi anemia (FA) is a rare hereditary disorder char-
acterized by progressive bone marrow failure, congenital
anomalies, cancer predisposition, and chromosome insta-
bility. FA proteins, which are encoded by at least 22 genes
(FANCA-W), together play a key role in the DNA inter-
strand cross link (ICL) repair pathway (1-4). ICLs can arise
endogenously by aldehydes produced as metabolic byprod-
ucts, and this may contribute to genome instability, lead-
ing to impaired function of hematopoietic stem cells and
subsequent leukemogenesis (5). Eight of the FA proteins
and other associated proteins form the FA core E3 ligase
complex, which monoubiquitinates the FANCD2-FANCI
(D2-1) complex during the DNA damage response (DDR).
This monoubiquitination event, which is triggered by ATR-
ATRIP phosphorylation of FANCI (6,7), leads to relocal-
ization of the D2-1 complex to damaged chromatin. The
monoubiquitinated D2-I proteins assemble foci at the DNA
damage sites in chromatin to facilitate DNA repair, serv-
ing to protect the genome. As a master regulator of ICL re-
pair, FANCD?2 protein coordinates ICL incision (‘unhook-
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ing’ by SLX4-XPF or FAN1 nuclease), which leads to DNA
double-strand break generation and repair by homologous
recombination (HR) (1,3). In addition, FANCD2 and FA
pathway components including BRCA2 and RADSI also
function in the protection of stalled replication forks by pre-
venting Mrel l-mediated fork degradation (8-10).

Treatment with low-dose aphidicolin (APH), a DNA
polymerase «/3/¢ inhibitor, induces mild replication stress,
which is accompanied by ATR activation but the ab-
sence of downstream Chkl kinase activation (11); this
mild replication stress results in breaks and gaps in a set
of chromosomal locations, termed common fragile sites
(CFSs;e.g. FRA3B, FRA16D, etc.) (12-14) Although CFSs
were originally identified in lymphocytes from normal in-
dividuals, it has more recently been shown that the ge-
nomic deletions and rearrangements in cancer often coin-
cide with CFSs, suggesting that CFS instability is caused
by oncogene-induced replication stress (during oncogene-
sis) (12-14). The presence of oncogenes or tumor suppres-
sors inside or near CFS loci is also notable (15,16). CFS-
containing genes span huge regions with a relative paucity
of replication origins. Therefore, during replication stress, in
which forks are stalled or moving slower, they must progress
from flanking regions and onward through CFSs to com-
plete replication (13). These huge genes, if actively tran-
scribed, need to continue transcription during S phase be-
cause of the extent of the gene and the slower speed of RNA
polymerase II (Pol II) progression. These properties lead
to inevitable collisions of transcription and replication ma-
chineries that generate incompletely replicated CFS regions,
exacerbating replication stress and genome instability (17).
The CFS fragility is expressed when SLX4-MUS81-EMEL1
mediates incision of left-over replication intermediates in
early M phase, which in turn leads to mitotic DNA synthe-
sis (MiDAS) in a manner dependent on RADS52, POLD3,
and RecQ5, but not on FANCD2 or RADS1 (18-20). If
MiDAS does not occur, the under-replicated CFS regions
form ultra-fine chromosomal bridges (UFB) (between sis-
ter chromatids) coated by BLM or PICH helicase during M
phase (21,22). UFBs are converted to 53BP1 bodies in the
next G1 phase, or result in chromosomal instability, which
can be recognized as micronuclei.

Interestingly, FANCD2 accumulates at CFSs during
replication stress caused by APH treatment, forming sister
foci at the roots of ultrafine bridges (UFB) in early M phase
(21). FANCD?2 contributes to genome stability at the CFSs
by suppressing CFS expression (23); however, recruitment
of MUS81-EMEI nuclease, which cleaves the replication in-
termediate or stalled fork at the CFS, is independent of the
FA pathway (24). Recently, it was reported that FANCD?2 is
required for efficient genome replication, in particular that
of CFSs (25), by resolving R-loops caused by transcription-
replication conflicts (25-27). R-loops, which consist of
DNA:RNA hybrids and displaced single-stranded DNA,
are physiologically relevant in the genome and associate
with immunoglobulin class switching, replication of mito-
chondrial DNA as well as transcriptional promoters or ter-
minators (28). Removal of DNA:RNA hybrids alleviates
replication perturbation caused by defects in FANCD?2 (25—
27). FANCD?2 supports replication in a manner dependent
on its monoubiquitination by the FA core complex (26,27),
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or independent of the other upstream FA proteins (25). In
any case, untimely formation of R-loops is a major threat
to genome instability (29), possibly in a manner dependent
on specific histone modification (30). Nonetheless, mecha-
nistically how FANCD?2 contributes to CFS stability and
replication stress response in terms of R-loop formation re-
mains unclear.

In this study, we performed chromatin immunoprecipi-
tation (ChIP)-sequencing (ChIP-seq) analysis, and we pro-
vide a genome-wide landscape of replication stress response
involving FANCD2 in U20S cells. Our results revealed
that FANCD2 accumulation mostly occurs in the cen-
tral portion of large transcribed genes during mild repli-
cation stress. This accumulation appeared to be depen-
dent on R-loop formation and therefore likely depended
on transcription-replication collision. In addition, we also
found that the upstream events leading to the FA pathway
activation are not triggered by R-loops.

MATERIALS AND METHODS
Cell culture and transfection

U20S cells were cultured in DMEM (Nacalai Tesque, high
glucose) supplemented with 10% fetal calf serum (Gibco).
For plasmid transfections, Lipofectamine 3000 (Invitrogen)
was used according to the manufacturer’s instructions. To
generate replication stress, cells were treated with APH at
0.4 wM for 24 h, unless stated otherwise.

Antibodies and reagents

The following antibodies were obtained from commercial
sources: anti-DNA:RNA (S9.6, Kerafast); anti-DDDDK-
tag (MBL); anti-FLAG (M2, Sigma-Aldrich); anti-FLAG
M2 magnetic beads (Sigma); normal mouse IgG (Santa
Cruz); anti-FANCA (Bethyl); anti-FANCD2 (Novus); anti-
PCNA (PC10, Santa Cruz); anti-y H2AX (JBW301, Mil-
lipore); anti-RPA (9HS, Abcam); anti-a-tubulin (T5168,
Sigma). Aphidicolin (Wako), mitomycin C (MMC) (Kyowa
Hakko Kirin), or cordycepin (Wako) were used at the indi-
cated concentrations. Primers and siRNA oligos are sum-
marized in Supplemental Table S1.

Plasmids

The cDNA encoding human RNaseHI (without mitochon-
drial localization signal) was amplified from HeLa cell
c¢cDNA and cloned into pEGFP-C1. The Hybrid bind-
ing (HBD) domain of RNaseHI was then amplified us-
ing this plasmid and subcloned into pENTR entry vec-
tor (Invitrogen). The inserts in these entry vectors were
transferred to the expression vectors or lentiviral constructs
by LR Clonase II (Invitrogen). pcDNA3.1-Cre was gener-
ated by cloning Cre cDNA from pBS185 (Invitrogen) into
pcDNA3.1 (Invitrogen).

Generation of lentivirus and transduction

To produce a U20S cell line expressing GFP-HBD under
tetracycline-controlled transcriptional activation, cDNA in
the entry vector pENTR was transferred to a puromycin
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resistant derivative (a gift of Dr. Makoto Nakanishi) of
lentiviral plasmid CSIV-TRE-RfA-UbC-KT (a gift from
Dr Hiroyuki Miyoshi) (1) using LR Clonase II (Invitrogen).
U20S cells were infected with the respective lentivirus and
selected with puromycin (2 pg/ml). Cells were induced by
treatment with 2 pg/ml doxycycline for 24 h. GFP expres-
sion was confirmed with a FACSCalibur flow cytometer
(BectonDickinson). To produce a U20S cell line express-
ing FLAG-FANCI, cDNAs were transferred to lentiviral
plasmid CSII-CMV-MCS-IRES-Bsd (a gift from Dr Hi-
royuki Miyoshi) rendered Gateway system-compatible (In-
vitrogen). Following lentivirus infection, Blasticidin S (5
wg/ml) resistant populations were selected and expanded.

siRNA transfections

All siRNA duplexes used in this study were purchased from
Invitrogen or Sigma. Transfection and co-transfection was
carried out using Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s instructions. Cells were
harvested 72 h after transfection. The individual siRNA
duplexes used were: siFANCD2 (5CAGAGUUUGCUUC
ACUCUCUATT-3) (Invitrogen) (4) siFANCA (5AAG
GGUCAAGAGGGAAAAAUA-3) (Invitrogen) (5); Lu-
ciferase Control (Ctrl) (SUCGAAGUAUUCCGCGUA
CGTT-3’) (Invitrogen) (8).

Construction of TALEN and FANCD2-3xFLAG knock-in
vectors

The TAL effector nuclease (TALEN) pair targeting the
termination codon of the FANCDZ2 gene was created us-
ing the original Golden Gate TALEN and TAL Effector
Kit obtained from Addgene (a gift from the Voytas lab)
with some modifications (31). To create the FANCD2-
3xFLAG knock-in vector, a human ~1kb genomic frag-
ment containing the FANCD?2 termination codon (in exon
44) was amplified by PCR using primers KD12-106 and
KD12-109, and cloned into the NotI/Sall sites of pBS plas-
mid. Using this plasmid as a template, inverse PCR was
carried out using primers KD12-107 and KD12-108, re-
sulting in replacement of the termination codon with an
EcoRI site. The loxP-mPGK-puro-loxP cassette in pBS de-
rived from OCT4-eGFP-PGK-puro (Addgene #31937, a
gift from Rudolf Jaenisch) was fused with 3xFLAG se-
quence amplified from TAL2255 (Addgene #36698, a kind
gift from Keith Joung). This cassette was inserted into the
EcoRI site of the knock-in vector, resulting in an in-frame
fusion of the coding sequence with 3XFLAG tag in the
FANCD? exon 44 sequence.

Generation of U20S cells expressing FANCD2-3xFLAG

U20S (one million) cells were transfected with 12 pg of tar-
geting vector and TALEN plasmids (4 g each, precipitated
and dissolved in PBS) using a Neon electroporator (Ther-
moFisher) (1200 V, 10 ms, 4 pulses). After overnight cul-
ture in 10 cm dishes, cells were seeded into 96-well plates
(~50 cells in 0.1 ml medium per well). The next day, selec-
tion was initiated by adding 0.1 ml of complete medium
containing puromycin (1 pwg/ml). Two weeks later, single

colonies were picked up and expanded. Clones with correct
knock-in events were identified with genomic PCR using
KOD-FX polymerase (TOYOBO). Finally, the puromycin
cassette was removed by transient transfection of a Cre ex-
pression plasmid (pcDNA3.1-Cre) followed by subcloning.
The cells were further verified by genomic PCR and western
blotting.

Anti-FLAG Chromatin immunoprecipitation (ChIP) for next
generation sequencing

Cells (4 x 107 cells) were treated as indicated (0.4 uM
APH or DMSO for 24 h) and fixed for 10 min with 1%
paraformaldehyde until quenching with the addition of
1/10 volume of 1.25 M Glycine. Then cells were washed
twice with PBS and resuspended in 1 ml of SDS lysis buffer
(50 mM Tris—HCI pH 8.0, 10mM EDTA, 20% SDS, pro-
tease inhibitor cocktail (Roche), 2 mM PMSF). Lysates
were briefly sonicated using a Bioruptor (Cosmo Bio) and
centrifuged at 14 000 rpm for 10 min. After part of the su-
pernatant was saved for input, it was diluted with nine vol-
umes of ChIP dilution buffer (50 mM Tris—-HCI pH 8.0,
167 mM NacCl, 1.1% Triton X-100, 0.11% NaDeoxycholate
(DOCQ), protease inhibitor cocktail, 2 mM PMSF) and then
incubated with Dynabeads protein G (Life Technologies)
with anti-FLAG M2 Ab (Sigma), or normal mouse IgG
(Santa Cruz) for 20 h at 4°C. Beads were washed once with
I x RIPA buffer (50 mM Tris—HCI pH 8.0, 1 mM EDTA,
0.1% SDS, 1% Triton X-100, 0.1% NaDOC) with 150 mM
Nadl, followed by one wash with 1x RIPA buffer with 500
mM NacCl, once with the LiCl wash buffer (10 mM Tris—
HCIpH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP40, 0.5%
NaDOC), and twice with 1 x TE (10 mM Tris—-HCI pHS8.0, 1
mM EDTA), and bound complexes were eluted with 1.4 ml
of elution buffer (10 mM Tris—HCI pH 8.0, 5 mM EDTA,
300 mM Nacl, 0.5% SDS). Input samples and eluates were
incubated at 65°C for 6 h, treated with 4 mg/ml RNase A
at 37°C for 30 min, followed by 0.1 mg/ml Protease K at
55°C for 2.5 h. DNA was recovered using the QIAquick
PCR Purification Kit according to manufacturer’s protocol

(Qiagen).

Next generation sequencing (NGS)

Immunoprecipitated DNA and input DNA were sequenced
by Illumina GAIIx (one sample per lane). 75 bp paired-end
runs were performed with a TruSeq SBS Kit v5 (Illumina).
For the sequencing, DNA libraries were prepared using the
NEBNext ChIP-Seq library prep reagent set for Illumina
(NEB) and the NEBNext multiplex oligos for Illumina
(NEB). Total RNA was separated from U20S-D2-FLAG
cells with or without APH treatment using an RNAeasy kit
(Qiagen) and treated with a Ribo-Zero rRNA Removal kit
(Illumina). RNA sequencing was done by Macrogen Japan
(Kyoto, Japan).

NGS data analysis

For ChIP-seq data, adapter sequences were trimmed using
cutadapt (32). Reads with many (>80%) low-quality (score
< 20) bases were discarded. Low quality (score < 20) bases



were trimmed from both ends of the reads. Reads shorter
than 20nt were discarded. The filtered reads were aligned
to the reference genome hgl9 using Bowtie (33). Peak call-
ing was performed using MACS (34). The detected peaks
were annotated using SnpEff (35). For RNA-seq data, the
quality control was performed with ShortRead package (36)
in R /Bioconductor (https://www.R-project.org/) (37). Low
quality (score < 20) bases were trimmed from both ends
of the reads. Trimmed reads shorter than 40nt or contain-
ing many (>20%) low-quality (score < 20) bases were dis-
carded. Read pairs were retained for the subsequent analy-
sis only if both ends passed. The filtered reads were aligned
to the reference genome hgl9 using TopHat2 with —no-
novel-juncs option (38). The aligned reads were filtered us-
ing SAMtools with -f 3 option (39), which means each read
was required to be mapped in a proper pair. The mapped
reads were counted for each known gene using HTSeq (40).

ChIP-qPCR analysis

For FLAG (FANCD2-3xFLAG), PCNA or yH2AX ChIP,
Dynabeads Protein G (Life Technologies) were incubated
with anti-FLAG (M2), anti-PCNA (PC10) or anti-y H2AX
(JBW301) antibody, respectively. Samples were processed
as in ChIP for NGS described above. The plasmid encod-
ing GFP-RNaseHI was transiently transfected into U20S-
D2-FLAG cells using Lifofectamine 3000. GFP-Trap-M
(ChromoTek) was used for GFP-HBD immunoprecipi-
tation. Primers used for qPCR were: NRG3 5" primers
(KD15-215 and 216), peak primers (KD15-282 and 283),
3" primers (KD15-221 and 222); WIWOX (KD15-375 and
376); CDHI13 (KD15-247 and 248); LRPIB (KD15-385
and 386). Reactions were run using SsoAdvanced Univer-
sal SYBR Green Supermix (Bio-Rad). All qPCR was per-
formed using a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). The dilution factor was adjusted and the
percentage of the input signal was calculated.

Immunohistochemistry and in situ proximal ligation assay
(PLA)

Cells were cultured on 15-mm coverslips and indicated plas-
mids were transfected. Cells on coverslips were washed with
PBS twice and fixed with PBS containing 3% paraformalde-
hyde, 2% sucrose, 0.5% Triton-X-100, chilled on ice for 30
min, and then permeabilized with 0.5% Triton X-100/PBS
for 5 min. After blocking with 2% BSA/PBS, cells were
stained with the indicated primary antibody diluted in 2%
BSA/PBS for 1 h at RT. The secondary antibodies used
were Alexa Fluor 488-conjugated anti-mouse IgG or Alexa
Fluor 594-conjugated anti-rabbit IgG (Molecular Probes).
PLA was performed with reagents from DuoLink Bio-
sciences in accordance with the manufacturer’s instructions.
Images were captured using a BZ-9000 fluorescence micro-
scope (Keyence). Quantification of the PLA signal dots and
FANCD?2 or RPA foci was determined using Hybrid cell
count software (Keyence).

Purification of chicken FANCD2 and FANCI protein

Chicken FANCD?2 and FANCI proteins were purified by
the same method as previously described (41). The D2-1
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complex was prepared by mixing FANCD2 and FANCI
proteins at an equimolar ratio and then incubating at 37°C
for 10 min.

DNA:RNA hybrid binding assay

49-mer single-stranded oligonucleotides with the sequences
shown in the Supplementary Table S1 were synthesized and
annealed to prepare DNA:RNA or DNA:DNA duplexes.
All of the oligonucleotides were purified by HPLC, and the
RNA and DNA concentrations are expressed in moles of
nucleotides. The synthetic DNA:RNA hybrid (5 pM) and
double stranded (ds) DNA (5 pM) were mixed with 0.05-
0.20 pM of the D2-I complex in 10 wl of reaction buffer,
containing 20 mM Tris—HCI pH 8.0, 70 mM NaCl, 2% glyc-
erol, 0.3 mM MgCl,, 5mM DTT and 10 pg/ml BSA. The
samples were incubated at 37°C for 10 min, and were then
analyzed by 3.5% PAGE in TBE (18 mM Tris-borate and
0.4 mM EDTA) buffer. RNAs and DNAs were visualized
by SYBR Gold (Invitrogen) staining.

D-loop or R-loop binding and competition assay

80-mer and 90-mer single-stranded oligonucleotides with
the sequences shown in the Supplementary Table S1
were synthesized and annealed to prepare D-loop (oligos
A/B/C) or R-loop (oligos A/B/D) as described with slight
modifications (42). All of the oligonucleotides were puri-
fied by HPLC, and the RNA and DNA concentrations are
expressed in moles of nucleotides. The synthetic D-loop (5
M in nucleotides) and R-loop (5 wM in nucleotides) were
mixed with FANCD?2 (0.1, 0.2, 0.4, 0.6 wM), FANCI (0.1,
0.2, 0.4, 0.6 pM), the D2-1 complex (0.1, 0.2, 0.3, 0.4 .M)
in 10 pl of reaction buffer, containing 20 mM Tris—HCI pH
8.0, 50 mM NacCl, 2% glycerol, 0.1 mM MgCl,, 5mM DTT
and 10 pg/ml BSA. The samples were incubated at 37°C
for 10 min, and were then analyzed by 3.5% PAGE in TBE
(18 mM Tris-borate and 0.4 mM EDTA) buffer. RNAs and
DNAs were visualized by SYBR Gold (Invitrogen) stain-
ing. For competition assay, Cy5-labeled oligonucleotide A
was used to prepare labeled D-loops or R-loop. The labelled
D-loop (2.5 M in nucleotides) or R-loop (2.5 uM in nu-
cleotides), the D2-I complex (0.2 wM) and unlabeled com-
petitor D-loop (2.5, 5.0, 12.5, and 25 pM in nucleotides) or
R-loop (2.5, 5.0, 12.5, and 25 wM in nucleotides) were incu-
bated at 37°C for 10 min, in 10 w1 of reaction buffer, contain-
ing 20 mM Tris—HCI pH 8.0, 70 mM NacCl, 2% glycerol, 0.3
mM MgCl,, 5 mM DTT and 10 pg/ml BSA. The samples
were analyzed by 3.5% PAGE in TBE buffer, and the bands
were detected by Amersham Typhoon (GE Healthcare).

Statistical analysis

Prism (GraphPad Software) was used to perform unpaired
two-tailed Student’s 7-tests and calculation of the correla-
tion coefficient.

Accession number

The ChIP-seq data and RNA-seq data in this study have
been deposited in the NCBI Gene Expression Omnibus
with accession numbers GSE104464 and GSE104465, re-
spectively.
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Figure 1. Genome-wide ChIP sequencing analysis of FANCD2-3xFLAG. (A) A Venn diagram showing anti-FLAG ChIP sequencing results from U20S-
D2-FLAG cells. Cells were treated with APH 0.4 wM for 24 h or mock-treated with DMSO, and were subjected to ChIP using anti-FLAG or non-specific
IgG. Numerals indicate FANCD2-3xFLAG peak numbers defined in Materials and Methods. (B) Anti-FLAG ChIP-seq reads (blue histogram) and peak
(blue bars) profiles on the NRG3 gene region or the WIWOX and CDH13 gene region from cells with APH or DMSO treatment. Exons and introns of each
gene are indicated in orange. (C) Histogram showing size of each gene (X-axis) versus number of genes (Y-axis). All of the human genes in GRCh37/hgl19
are analyzed. The table below shows the number and percentage of ChIP-seq peaks on genes >0.5 Mb or >1.0 Mb among all genes. (D) The distribution
of anti-FLAG ChlIP-seq peaks from cells with APH stimulation are shown. The transcribed region of each gene was normalized to [0, 1]. Genes were
classified by size: >1 Mb (blue), 0.5-1 Mb (green) and <0.5 Mb (red). The observed peaks were enriched near the center of large genes (left, >0.5 Mb)
more frequently than expected by random chance (right). The dispersion and kurtosis of the observed distribution were smaller and larger, respectively,
than any of 1000 randomized distributions (P < 0.001; only one of them is shown here).
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Table 1. 30 top hits genes/fragile sites in FANCD2-FLAG ChIP-seq analysis after APH treatment

Chromosome Percent in total
Top hits order localization Gene CFS Number of reads reads Gene size (Kb) CFS size (Mb)
1 10g23 NRG3* - 8608 10.0 1111 -
2 16q23 wwox FRA16D 7929 9.2 1113 1.8
3 16923 CDHI3* - 4704 5.5 1169 -
4 9p21 LINGO2* FRA9C 3832 44 1264 13.3
5 Tp22 SDKI* FRA7B 3395 3.9 967 7.3
6 11ql4 DLG2* FRAIIF 3302 3.8 2172 22
7 3pl4 FHIT* FRA3B 3082 3.6 1502 4.1
8 3qll EPHA6* - 3074 3.6 934 -
9 3p26 CNTN4* 2906 34 959
10 12p12 SOXS5* - 2241 2.6 1030 -
11 10q11 PRKGI FRA10C 2091 24 1307 17.7
12 21pll miR-3648 - 2002 2.3 0.18 -
13 7931 IMMP2L* FRA7K 1937 2.2 899 0.2
14 21pll miR-3687 - 1929 2.2 0.061 -
15 Spl4 CDHI2* - 1800 2.1 1102 -
16 1p31 NEGRI* FRAIL 1392 1.6 879 23.6
17 5pl5 CTNND2* - 1072 1.2 932 -
18 8q24.3 TRAPPCY9* FRA8D 1001 1.2 726 6.5
19 20p12 MACROD2* 891 1.0 2057 -
20 4pl5 - FRA4D 860 1.0 - 24.5
21 1p36 FRAIA 797 0.9 28.0
22 11q13 - FRAIIH 765 0.9 - 13.7
23 Tq11 MAGI2* - 636 0.7 1436 -
24 7q11 AUTS2* FRA7] 616 0.7 1194 17.6
25 13q33 FAMI1554 - 497 0.6 698 -
26 4q35 FRG2 401 0.5 2.89
27 9p32 ASTN2* - 380 0.4 989 -
28 22q13 - FRA22A 346 0.4 - 13.7
29 Xq22 DIAPH? - 339 0.4 915 -
30 2q22 THSD7B 322 0.4 686

*Genes related with autism, neurodevelopmental or psychiatric disorders (https://www.omim.org). Numbers of the ChIP-seq reads in a gene or in a region consisting of combined
gene and CFS, which are defined as described in Bignell et al. (51), are shown. When there were two or more genes overlapping with a CFS, the names and size of the genes were

omitted.

RESULTS

ChIP-sequencing analysis in engineered U20S cells express-
ing FANCD2-3xFLAG from the endogenous locus upon
APH replication stress

To precisely examine the genome-wide distribution of
FANCD?2 protein in chromatin upon replication stress, we
set out to create a derivative of human cell line U20S, which
incorporated a 3xFLAG epitope tag into the FANCD? ter-
mination codon in-frame using a TALEN-assisted knock-
in strategy (Supplementary Figure S1A). The puromycin
resistance gene cassette was removed by Cre-loxP exci-
sion. Obtained cell clones were verified with genome PCR
(Supplementary Figure S1B). Western blotting using anti-
FANCD?2 and anti-FLAG antibodies showed all of the ex-
pressed FANCD? alleles were correctly knocked-in with the
3xFLAG tag (Supplementary Figure S1C).

In one of the clones (termed U20S-D2-FLAG), we per-
formed anti-FLAG ChIP-seq analysis with or without 24 hr
treatment with low-dose (0.4 M) aphidicolin (APH) as ex-
plained in Materials and Methods. The U20S-D2-FLAG
cells responded to this treatment by inducing FANCD2
monoubiquitination (Supplementary Figure S1C) and for-
mation of FANCD2/FANCI colocalizing foci (Supplemen-
tary Figure S1D), which was dependent on FANCA as ex-
pected (Supplementary Figure S1E). The fraction of cells
with S-phase DNA content was increased, indicating that
replication fork progression was perturbed in this condition
(Supplementary Figure S1F).

In anti-FLAG ChIP-seq experiments from cells with
APH treatment, we observed a much greater number
of FANCD2-FLAG (APH/FLAG) peaks compared to

the DMSO-treated sample precipitated with anti-FLAG
(DMSO/FLAG) or negative control ChIP-seq results
(APH- or DMSO-treated sample precipitated with non-
specific IgG (APH/IgG or DMSO/IgG) (Figure 1A). The
peaks were defined by the accumulation of pair-ends se-
quencing reads using MACS software. The overlaps in lo-
cations between APH/FLAG peaks and negative control
ChIP-seq peaks were limited, indicating highly specific en-
richment of APH-induced FANCD?2 binding sites in our ex-
periments. In addition, DMSO/FLAG peaks were not ex-
tensively shared by APH/FLAG peaks. Thus FANCD?2 is
recruited to chromatin upon replication stress as reflected
by foci formation.

FANCD?2 binds to middle intronic regions of a set of large
transcribed genes during mild replication stress

Although it has been reported that replication stress-
induced FANCD?2 foci coincide with common fragile sites
(CFSs) such as FRA3B or FRA16D (21), it was a bit sur-
prising for us that there were so many known CFS among
the top hits by the number of FANCD2 APH/FLAG peaks
per gene/region (Table 1). In general, FANCD?2 peaks were
largely accumulated in gene bodies of the very large genes
(Figure 1B and C). Specifically, out of 2892 APH/FLAG
FANCD?2 peaks, 2301 peaks (79.6%) were within genes. The
rest of the peaks were in intergenic regions, but most of
them were not clustered (therefore they were not on the top-
hits list). Furthermore, 84.6% or 52.9% of the APH/FLAG
peaks on genes were on extremely large genes spanning >0.5
Mb or >1 Mb, respectively (Figure 1C). Even though these
genes are huge, of all the genic regions (20 418 genes in to-
tal occupy 1.22 Giga base), only 19% or 7% of them were
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Figure 2. Correlation between the FANCD2-FLAG ChIP-seq read number and the transcript levels. (A) The RNA-seq read number before and after APH
(0.4 M for 24 h) was plotted per gene. The correlation coefficient was calculated with Prism software. (B) FANCD2-FLAG ChIP-seq read number and
RNA-seq read number after APH treatment were plotted for the 30 genes with the highest D2 ChIP-seq reads. The correlation coefficient was calculated
with Prism software. (C) Comparison of FANCD2-FLAG ChIP-seq read number between genes among the 60 largest genes with undetectable or detectable
transcript levels. Means = SEM are shown (P-value, unpaired, two-tailed Student’s ¢ test). We were able to detect FHIT transcripts in U20S cells by RT-
PCR (not shown), suggesting that FHIT was indeed transcribed, albeit at relatively low levels.

found to be associated with 282 genes spanning >0.5 Mb
or by 61 genes spanning >1 Mb, respectively. Thus, their
huge size could not explain the preferential distribution of
APH/FLAG peaks on them. Interestingly, these FANCD?2
binding sites were enriched near the center of the genic re-
gion of large genes (Figure 1B and D).

It should be noted that the top-hits list also included
large non-CFS genes (Table 1). This seems to be consistent
with a previous notion that all large genes if actively tran-
scribed may be fragile (43). For example, the Neuregulin 3
(NRG3) gene spans ~1.1 Mb and is similarly as huge as
CFS-associated genes, albeit the protein coding sequence is
small (the longest spliced transcript is ~2.1 kb). NRG3 ac-
cumulated the highest number of FANCD2 peaks as a sin-
gle gene (Table 1). NRG3 protein is the ligand for ErbB4
receptor tyrosine kinase, and it is expressed mostly in neu-
ral cells, but not in lymphocytes. We speculate that NRG3
might be regulated/operated in neural cells (and we find it
is expressed in U20S cells, see below) in a manner similar to
conventional CFS genes that have mostly been described in
lymphocytes. Thus, it is likely that NRG3 is ‘fragile’ in neu-
rons as well as in U20S cells. This gene is known to corre-
spond to a susceptibility locus for schizophrenia and autism
(44).

Transcription is a prerequisite for the FANCD2 accumulation
upon replication stress

Our ChIP-seq experiments indicated that FANCD2 ac-
cumulates mostly on gene bodies upon replication stress.
Therefore, we hypothesized that transcription might be a
prerequisite for the FANCD2 accumulation upon replica-
tion stress. To detect transcripts at steady state levels, we
subjected total RNA isolated from U20S-D2-FLAG cells
before and after APH treatment to next generation sequenc-
ing (RNA-seq). The levels of transcripts were not signif-
icantly altered after APH treatment in most of the genes
(Figure 2A). There was no significant correlation between
the FANCD2 ChIP-seq peak number and the transcript
levels (reads number) among the 30 top hits (Figure 2B).
However, it was obvious that large genes without detectable
RNA-seq reads did not accumulate high levels of FANCD2
reads except for FHIT (Figure 2C).

Previous studies indicated that transcription of huge
genes takes more time than a single cell cycle, leading to the
transcription-replication collision with R-loop formation
(17). R-loops consist of DNA:RNA hybrids and displaced
ssDNA. To detect R-loops at specific genomic loci, we
utilized expression of the DNA:RNA hybrid-binding do-
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Figure 3. Detection of DNA:RNA hybrids resulting from transcription-
replication collision during mild replication stress. (A) GFP-HBD ChIP-
qPCR analysis of the NRG3 (with the peak primers), WWOX, and CDHI13
genes in U20S cells stably expressing GFP-HBD after APH treatment.
LRPIB gene was used as a negative control since it is a huge gene (~2
Mb) without FANCD2 accumulation. Percentage of input is plotted (n
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Position of the NRG3 amplicon is shown in (B). (B) Anti-PCNA ChIP-
qPCR analysis of NRG3 in U20S cells treated with APH. Percentage of
input is plotted (n = 3). Means + SEM are shown (unpaired, two-tailed
Student’s # test). Positions of the amplicons are shown.

main (HBD) from human RNase HI fused with enhanced
green fluorescent protein (EGFP) (GFP-HBD) (Supple-
mentary Figure S2A). This method has been previously ver-
ified for detecting R-loops (45). In U20S-D2-FLAG cells
transduced with lentivirus carrying DOX-inducible GFP-
HBD, high levels of GFP expression were observed fol-
lowing DOX addition (Supplementary Figure S2B). In this
cell line, R-loop accumulation was detected at the NRG3,
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CDH]I3 and WWOX (Figure 3A) loci by ChIP-qPCR anal-
ysis using a GFP-trap antibody. We were also able to see in-
creased anti-PCNA ChIP signals on the NRG3 gene, which
appeared to be highest in the central part of the gene (Figure
3B). This suggests that there were slowed or stalled replica-
tion forks on NRG3 upon APH stress.

Transcription inhibition and GFP-RNaseHI expression ab-
rogate replication stress-induced FANCD2 foci as well as
FANCD2 accumulation at the NRG3 gene

It has previously shown that the FANCD2 accumulation
at chromatin might be promoted by R-loop formation dur-
ing replication stress (27). Thus we treated cells with cordy-
cepin, an adenosine derivative and a transcription inhibitor,
which is incorporated into RNA and terminates RNA syn-
thesis, and thus prevents R-loop formation. Indeed, treat-
ment with cordycepin for 3 h abrogated FANCD?2 foci in
U20S cells (Figure 4A, left panel). We confirmed by FLAG-
ChIP qPCR that FANCD?2 accumulation at the NRG3 gene
was also significantly decreased by cordycepin treatment
(Figure 4A, right panel). We also tried to use RNaseHI
as another experimental approach to eliminate R-loops in
the cell. As we could not isolate U20S cells with stable as
well as inducible expression of GFP-RNaseHI, we switched
to transient expression of a transfected GFP-RNaseHI ex-
pression construct. Consistent with the previous study (27),
FANCD?2 foci formation was mostly abrogated in GFP
expressing cells compared to non-transfected cells (Figure
4B). Moreover, FANCD2 accumulation at the NRG3 gene
following APH treatment was also significantly decreased,
as shown by anti-FLAG ChIP-qPCR in GFP-RNaseHI
transfected cells (Figure 4C). Taken together, these results
indicated that R-loops formed during replication stress play
a critical role in recruitment and accumulation of FANCD2
at gene bodies of transcribed large genes. In cells depleted
of FANCD?2, higher levels of DNA damage were detected
with or without APH at the NRG3 gene by yH2AX ChlIP-
gPCR (Figure 4D), suggesting critical roles of FANCD?2 in
handling replication stress.

R-loops are dispensable for FANCD2 monoubiquitination
upon replication stress

To establish whether upstream events leading to FA path-
way activation are also dependent on R-loops, we exam-
ined RPA foci formation in cells expressing GFP-RNaseHI.
RPA foci were induced by the APH treatment, and their lev-
els appeared to be only slightly decreased by RNaseHI, yet
this was a statistically insignificant difference (Figure 5A),
suggesting that the extent of ssDNA exposed during APH-
induced replication stress was mostly independent of R-
loops. The mild decrease could be explained by the presence
of RPA on the displaced ssDNA in R-loops (46). The RPA
foci should recruit ATRIP-ATR kinase via binding of RPA
and ATRIP, leading to ATR activation (11), FANCI phos-
phorylation, and subsequent FANCD2 monoubiquitina-
tion (1,6,7,47). This seems consistent with our observation
that cordycepin treatment did not decrease APH-induced
FANCD2 monoubiquitination levels (Figure 5B). Taken to-
gether, our results suggest that R-loop formation is not es-
sential for the FA pathway activation but is required for
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Figure 4. Transcription inhibition and GFP-RNaseHI expression abrogate R-loop and FANCD? foci following APH treatment. (A) Cordycepin treatment
reduced APH-induced FANCD? foci levels, and anti-FLAG ChIP-qPCR signals at the NRG3 gene, evidenced using the NRG3 peak primers depicted in
Figure 2B. Results of the immunofluorescence analysis of nuclei (n > 50) (left panel) and ChIP-qPCR analysis (n = 3) (right panel) are shown. Cells
were treated with APH for 24 h and/or the transcription inhibitor cordycepin (50 wM) for 3 h. Means = SEM are shown. P values were calculated using
unpaired, two-tailed Student’s 7 test. (B) GFP-RNaseH1 overexpression abrogated FANCD?2 foci in U20S cells (n = 50) treated with APH. P-values were
calculated by unpaired, two-tailed Student’s 7 test. (C) D2-FLAG ChIP-qPCR analysis of NRG3, using the peak primers, in GFP-RNaseHI overexpressed
U20S-D2-FLAG cells treated with APH. Percentage of input is plotted (n = 3). Means &+ SEM are shown. P-values were calculated by unpaired, two-tailed
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is plotted (n = 6). Means and SEM are shown (unpaired, two-tailed Student’s 7 test). LRPIB gene was used as a negative control. The NRG3 qPCR was
done using the peak primers.
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FANCD?2 foci formation, and raised an interesting possibil-
ity that R-loops contribute to the retention of FANCD?2 in
chromatin when FANCD?2 is monoubiquitinated. We also
subjected U20S cells to PLA using anti-FANCD?2 and anti-
DNA:RNA (S9.6) antibody. We detected increased levels of
PLA dots following APH treatment, and these levels were
reduced by cordycepin treatment (Figure 5C), indicating
spatial proximity between R-loops and FANCD?2 in chro-
matin.

These results prompted us to test the possibility that
FANCD?2 (and FANCI) could bind with DNA:RNA hy-
brids or R-loops by an in vitro binding assay using pu-
rified recombinant chicken FANCD2, FANCI, and the
D2-1 complex, which was prepared by mixing and pre-
incubating the two proteins (Supplementary Figure S3A)
(41,48). Binding of short DNA:RNA hybrids or dsDNA
was detected with purified chicken FANCD2, FANCI and
the D2-1 complex (Supplementary Figure S3B). We also
prepared D-loop or R-loop in vitro, using synthesized ss-
DNA and ssRNA which were annealed by heating followed
by gradual cooling. Gel shift assay and competition as-
say revealed clear binding of R-loop with purified chicken
FANCD?2 and the D2-1 complex or FANCI (Supplemen-
tary Figure S3C and S3D), with comparable affinity com-
pared to D-loop having the same nucleotide sequence.

DISCUSSION

To shed light on the function and regulation of the key FA
factor FANCD?2, we looked into the genome-wide distri-
bution of FANCD?2 following mild replication stress, and
found that the protein binds to chromatin in a set of very
large genes. The FANCD2 binding pattern in chromatin
formed bell-shaped curves with their peaks at the middle
region of the genes (mostly in introns). This is in sharp
contrast to the situation reported in a recent study, where
the presence of introns at a given genomic locus decreases
the propensity of R-loop formation by recruiting protein
factors that may sterically hinder hybridization of nascent
RNA with genomic DNA (49). We speculate that large
introns in these genes may increase the probability of R-
loop formation since co-transcriptional splicing out of in-
trons may take longer, allowing primary transcripts to an-
neal with the template DNA. The FANCD2 binding ap-
peared to be dependent on R-loop formation likely caused
by transcription-replication collision. This may suggest that
the collision mainly occurs at the central part of these large
genes. Further research is needed to clarify how this oc-
curs. Furthermore, our data provide a novel insight into the
activation mechanisms of the FA pathway (summarized in
Figure 6). Since MMC-induced FANCD?2 foci formation is
also affected by RNaseHI expression (27), similar mecha-
nisms likely operate during ICL repair.

R-loops support FANCD2 chromatin binding but are not crit-
ical for its monoubiquitination

We addressed how R-loops participate in FA pathway acti-
vation by employing RNaseHI overexpression or the tran-
scriptional inhibitor cordycepin. In both cases, we found
that FANCD2 foci formation induced by replication stress
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R-loop dependent

C »
chromatin retention e@,{‘é\ ATR‘
/ G Yoy $® ATRIP
D
Ub
O

FANCD2 FANCI

Figure 6. Our proposed model for the role of R-loops in FA pathway
activation. Upon mild replication stress, the polymerase-helicase uncou-
pling or stalled replication forks create extended regions of ssDNA and
transcription-replication collision causes accumulation of R-loops that
may further exacerbate replication stress. ssDNA recruits RPA, leading to
ATR/ATRIP kinase activation. In turn, ATR phosphorylates FANCI and
triggers D2-1 complex monoubiquitination, and the ubiquitinated proteins
may be retained in a manner dependent on R-loops accumulated near or
at the stalled forks.

was abrogated. Similar observations in the absence of APH
treatment have been previously described (26,27). Though
we were not able to provide FANCD2 monoubiquitination
data in cells transfected with an RNaseHI expression plas-
mid because of cellular toxicity in this condition, cordy-
cepin treatment revealed that FANCD2 monoubiquitina-
tion can proceed unaffected during replication stress in
the lower levels of R-loops. The APH treatment stalls or
slows down replication forks, leading to exposed ssDNA
with RPA accumulation (and hence ATR activation), which
seems mostly independent of R-loops. This is reflected by
the intact RPA foci and FANCD2 monoubiquitination in
cells depleted of R-loops. It seemed an interesting possibil-
ity that R-loops might function as a landing platform for
FANCD2 and FANCI once they are monoubiquitinated,
while it is clear that D2-1 complex can efficiently bind with
dsDNA (Supplementary Figure S3B). Thus we compared
FANCD?2 or the D2-I complex binding with D-loop versus
R-loop in vitro. The data failed to show higher affinity of
FANCD?2 with R-loops than D-loops. Future research will
be intended to clarify how R-loops contribute to chromatin
retention of FANCD?2 during replication stress.

Operational mechanisms specific to the huge genes might
contribute to how FANCD2 accumulates during replication
stress

The CFS genes are generally large and are implicated in
neuronal development, synapse function, and neural cell
adhesion. They are often implicated in neuronal disor-
ders like autism or psychiatric disorders. We found that
FANCD?2 during mild replication stress binds to introns of



a set of transcribed large genes that include CFSs, and its
accumulation is mostly restricted to the central intronic por-
tion of these genes. Although it is at the moment impossible
to provide a sufficient explanation for why FANCD2 has
a particular propensity to bind in this region of the large
genes, we provide evidence that these FANCD?2 peaks are
dependent on R-loop formation. Previous studies indicated
that transcription complexes may collide with replication
forks in large transcribed genes, since transcription in these
genes takes more time than a single cell cycle (17), causing
R-loops and CFS expression. It is highly interesting to note
that the cumulative pattern of APH-induced genomic gain
or loss in CFSs in previous reports (12,43) strikingly resem-
bles the bell-shaped curve of FANCD?2 peaks.

Although U20S is derived from an osteosarcoma, these
huge genes are generally expressed in neurons, and they are
involved in neuronal function. These genes are also tran-
scribed in U20S but their expression levels (read numbers
in RNA-seq) did not correlate with FANCD?2 peak number.
Nonetheless, the transcription itself appeared to be required
for large genes to accumulate FANCD2. We suggest there
should be specific regulatory/operational mechanisms for
these huge neuronal genes, making them particularly sen-
sitive to APH treatment. Elucidating these mechanisms is
an important task that will eventually lead to full under-
standing of how these genes evolved, why such huge size
is required for neurons despite the apparent disadvantage
of genome instability, and how FANCD2 accumulation is
triggered at the middle part of these genes. It is interesting
to note that a recent study finds increased levels of double-
strand breaks in neuronal progenitor cells upon replication
stress, suggesting potential roles by which DNA damage
may impact neuronal development (50). The list of affected
genes in their study partially overlaps with ours (50).
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