ATR checkpoint kinase and CRL1PTRY
collaborate to degrade ASFla and thus
repress genes overlapping with clusters
of stalled replication forks
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Many agents used for chemotherapy, such as doxorubicin, interfere with DNA replication, but the effect of this
interference on transcription is largely unknown. Here we show that doxorubicin induces the firing of dense
clusters of neoreplication origins that lead to clusters of stalled replication forks in gene-rich parts of the genome,
particularly on expressed genes. Genes that overlap with these clusters of stalled forks are actively dechromati-
nized, unwound, and repressed by an ATR-dependent checkpoint pathway. The ATR checkpoint pathway causes
a histone chaperone normally associated with the replication fork, ASF1a, to degrade through a CRL1FT®CE.
dependent ubiquitination/proteasome pathway, leading to the localized dechromatinization and gene repression.
Therefore, a globally active checkpoint pathway interacts with local clusters of stalled forks to specifically repress
genes in the vicinity of the stalled forks, providing a new mechanism of action of chemotherapy drugs like
doxorubicin. Finally, ASFl1a-depleted cancer cells are more sensitive to doxorubicin, suggesting that the 7%-10%
of prostate adenocarcinomas and adenoid cystic carcinomas reported to have homozygous deletion or significant

underexpression of ASFla should be tested for high sensitivity to doxorubicin.

[Keywords: doxorubicin; stalled forks; transcription repression; S-phase checkpoint; ASF1; ATR; CRL1FTRCF]

Supplemental material is available for this article.

Received January 30, 2014; revised version accepted March 14, 2014.

Chromosomal DNA replication is a highly conserved
process in all eukaryotes that starts at specific sites along
DNA known as replication origins. The activation of
DNA replication origins requires assembly of prereplica-
tive complexes (pre-RCs) followed by recruitment of
additional initiating factors and formation of replisomes
(Bell and Dutta 2002; Sclafani and Holzen 2007). Assembly
of the pre-RCs onto each replication origin occurs during
the early G1 phase of the cell cycle through sequential
recruitment of the origin recognition complex (ORC),
CDC6, CDT1, and minichromosome maintenance 2-7
(MCM2-7 complex) proteins. However, excess MCM2-7
complexes are loaded, leading to the licensing of excess
origins, most of which are dormant and passively repli-
cated in the normal S phase. The excess licensed origins,
however, serve as backup origins that can complete DNA
replication when existing forks stall (Ibarra et al. 2008; Ge
and Blow 2010). In the presence of DN A-damaging agents,
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when newly fired replication forks stall after replicating
a few hundred bases, many additional (formerly dormant)
origins begin firing in mammalian cells (Ge et al. 2007;
Courbet et al. 2008; Karnani and Dutta 2011).

DNA replication is often the target of anti-cancer drugs,
leading to the generation of stalled replication forks
(Hoeijmakers 2001). ATR kinase recognizes these stalled
replication forks and activates the intra-S-phase check-
point signaling cascade. The activation of ATR requires
the replication protein A (RPA) complex RPA70-RPA32-
RPA14 and ATRIP (Cortez et al. 2001; Ball et al. 2005;
Cimprich and Cortez 2008). The RPA complex coats
ssDNA at stalled replication forks and recruits ATR and
other checkpoint proteins (Zou and Elledge 2003). Once
activated, ATR triggers the checkpoint by phosphorylating
many downstream targets (including RPA, CHK1, and p53),
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ultimately leading to arrest of the cell cycle in S phase.
Since transcription of neighboring genes is often repressed
by even a single DNA double-strand break (DSB) in
mammalian cells by active pathways using ATM and
DNA-dependent protein kinases (Kruhlak et al. 2007;
Shanbhag et al. 2010; Pankotai et al. 2012), we wondered
whether and how stalled replication forks produced by anti-
cancer drugs affect the transcription of neighboring genes.

Doxorubicin (DOX] is a widely used cancer chemother-
apeutic drug that works by intercalating into dsDNA,
inhibiting the activity of DNA topoisomerase II (Bodley
et al. 1989; Capranico et al. 1990). Despite the extensive
use and study of this drug, the locations of replication
origins that fire in the presence of DOX, the locations of
stalled forks, and the effects of the stalled forks on
neighboring gene expression have not been studied. Pre-
viously, we found that hydroxyurea (HU), a ribonucleotide
reductase inhibitor (Elford 1968), activates clusters of
dormant replication origins that produce clusters of forks
that stall after a few hundred bases of DNA synthesis
(Karnani and Dutta 2011). Many of these neoreplication
origin clusters overlap with coding genes. We therefore
hypothesized that chemotherapy drugs like DOX could
activate similar clusters of neoreplication origins and
produce clusters of stalled replication forks so that the
cis effects of these stalled forks on the local transcription
machinery would be part of the gene expression changes
seen in cells treated with DOX.

We show that DOX treatment produces clusters of
stalled replication forks at specific sites in the genome
and that the production of those clusters decreases the
transcription of neighboring genes due to active changes
in the chromatin and detachment of RNA polymerase II.
Surprisingly, the transcriptional repression was not simply
due to the mechanical effects of local clusters of stalled
forks but an ATR-dependent checkpoint pathway that
down-regulates ASF1a, a histone chaperone known to act
in association with replication forks. The CRL1PTRCPE3
ligase complex polyubiquitinates ASFla and targets it for
degradation by proteasomes. This is a new mechanism by
which a globally active checkpoint pathway interacts with
local clusters of stalled forks to specifically repress genes in
the vicinity of the stalled forks. These specific changes in
gene expression produced by anti-S-phase chemotherapy
drugs like DOX will contribute to the efficacy or toxicity
of this class of drugs. Finally, decrease of ASFla makes
cancer cells more sensitive to DOX, suggesting that the
homozygous deletion or underexpression of this histone
chaperone, as seen in several cancers, could be a personal-
ized tumor marker for sensitivity to DOX.

Results

DOX-induced DNA damage results in the firing
of clusters of neoreplication origins

To characterize dormant origins that are fired in response
to DOX-induced DNA damage, mitotically synchronized
HeLa cells were released from a nocodazole block into
medium containing DOX and 5-bromo-2’-deoxyuridine
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(BrdU). Newly replicated DNA labeled by BrdU was
immunoprecipitated and hybridized to a high-resolution
genome tiling array. The array covered the 1% of the
human genome selected by the ENCODE pilot project
to be representative of the entire genome so that it can
be intensely investigated for biological questions (The
ENCODE Project Consortium 2007). DOX-induced rep-
lication tracks were identified from two biological repli-
cates. The hybridization data were analyzed by model-
based analysis of tiling arrays (MAT) to identify genomic
positions with a statistically significant enrichment (P <
107%) of BrdU labeling in DOX-treated cells compared with
control cells (Supplemental Table S1A). A total of 433
DOX-BrIP (BrdU immunoprecipitation) sites were iden-
tified with a median length of 1355 base pairs (bp). When
sites within 500 bp were considered to be part of the
same replicon, there were 317 fired origins (Supplemen-
tal Tables S1A, S2). Of the DOX-BrIP sites, 94.6% were
located within early-replicating regions of the genome,
a few were in mid-replicating regions, and none were in
late-replicating regions (Fig. 1A). Very few of these DOX-
BrIP sites overlapped with the origins mapped in nor-
mally proliferating HeLa cells (Karnani et al. 2010),
suggesting that these replication tracks arise from the
firing of normally dormant origins (neo-origins). How-
ever, 60% of the DOX-BrIP sites overlapped with, and
another 20% were within 10 kb of, sites detected when
S phase was interrupted by another anti-S-phase agent,
HU (Supplemental Fig. S1A). Therefore, certain sites in
the genome preferentially fire neo-origins when replica-
tion is arrested by anti-S-phase agents.

Inhibition of the G1/S transition by roscovitine, a CDK
inhibitor, suppressed the DOX-BrIP sites, consistent with
the idea that DNA replication is involved in their gener-
ation (Supplemental Fig. S1B). Depletion of BRCALI, a key
player in DNA damage repair, had no effect on the DOX-
BrIP sites (Supplemental Fig. S1B). Inhibition of DNA
damage-induced checkpoint pathways by caffeine also
did not change the DOX-BrIP sites (Supplemental Fig.
S1C). Multiple groups have shown by molecular combing
that dormant origins fire to produce clusters of bidirec-
tional replication forks when cells are exposed to agents
that slow or stall replication forks (Ge et al. 2007; Courbet
et al. 2008). Thus, although we cannot rule out the pos-
sibility that a few of the DOX-BrIP sites were generated by
DNA repair, the bulk of the DOX-BrIP sites are generated
by DNA replication, and their locations are not influenced
by inhibiting the checkpoint pathways.

Previous studies by us and others have revealed
extensive clustering of damage-induced replication ori-
gins (Karnani and Dutta 2011). Similarly, we found that
DOX-induced neoreplication origins exhibit high levels
of clustering. Two-hundred-thirty of the 317 DOX-BrIP
sites (73%) were located within 5 kb of their neighbors and
resolved into 62 DOX-BrIP clusters, defined as 5-kb
stretches with more than two sites (Fig. 1B; Supplemental
Table S1B). The largest cluster in this 1% of the genome
contained 58 unique DOX-BrIP sites within a 10-kb stretch
from chromosome 7, overlapping the FRA7G common
fragile site (Huang et al. 1998) and multiple cancer-related
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Figure 1. DOX induced firing of clusters of dor-

mant replication origins and decreased the mRNA
u5kb expression of overlapping genes. (A) Segregation of
10kb the DOX-BrIP sites (the joined sites in Supplemental
Table S1A) by whether that region replicates early,
mid, or late in a normal S phase. (B) Clusters defined
as BrdU-labeled tracks within 5 kb or 10 kb of each
other. Sixty-two or 46 clusters were seen, respec-
tively. The plot shows the distribution of the number
of initiation sites in a cluster. (C) Representative neo-
replication origin clusters on a portion of chromosome
7. Vertical bars in the top row represent individual BrIP

hie

| 115,750, 000] 115,800, 000] 115, 88
I m mn EEEa
0l min = IEE

200 wof

000l 115,900, 000l 115,950, 000] 116,000, 000] 116, 0S¢
00x0_Repiz. hals bed

I -

N om
IR
anom i cs

1
000l 116,100,000] 116,150,000 116,200,000 116,250,
[N U1
L0 s

sites. The second row shows a track where BrIP sites
within 500 bp of each other were joined. This figure
was captured from the University of California at

Santa Cruz genome browser (http://genome.ucsc.edu;
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genes: MET, CAV1, and CAV2 (Fig. 1C). Another cluster is
seen on chromosome 20 overlapping with CPNE1 and
RBM39. Additional examples are seen in Supplemental
Table S2.

These results demonstrate that DOX treatment activates
clusters of dormant replication origins within specific re-
gions of the genome. The forks arising from these origins
stall after replicating several hundred bases, yielding clusters
of stalled replication forks in the same parts of the genome.

Neoreplication origin clusters overlap
with transcriptionally expressed genes

Replication origins are located near transcriptional units
in HeLa cells (Sequeira-Mendes et al. 2009; Karnani et al.
2010J, and ORC-binding origin sites associate with RNA
polymerase II-binding sites in Drosophila (MacAlpine et al.
2004). Therefore, we tested whether the DOX-induced
neoreplication origins are at or near genes. DOX-induced
neoreplication origin clusters were located within —5 to
+5 kb relative to the transcribed regions of 47 genes
(Supplemental Table S3). Of the total 317 DOX-BrIP
sites, 228 (72%) overlapped with genes and 54 (17%)
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Kent et al. 2002). (D) Genes overlapping with, proximal
to (within 5 kb of the TSS or TES) or distal to (>5 kb
away from the TSS and TES) DOX-induced BrIP sites.
The bar graph shows the number and the percentage of
genes in each class. (E) The overlap of DOX-induced
BiIP sites, with the indicated parts of the genome
compared with a random model, reveals a significant
enrichment at genes (Z = 8.1) and “expressed” genes
(Gene-E; Z = 12.2) and depletion (Z = —8.3) at “not
expressed” genes (Not-Exp). The Z-score represents the
observed random expected/standard deviation and is
explained in the Supplemental Material. (F) Represen-
tative genes that overlap with neoreplication origin
clusters. The bar at the top of the figures represents 10
kb. The middle blue bar and bottom red bar represent
BrdU-labeled tracks and exons of the gene, respectively.
These three genes will be studied in this study as
examples of genes that overlap with clusters of stalled
replication forks. (G) Compared with the DMSO-
treated control, genes that were induced =1.3-fold in
DOX were considered as up-regulated (Up), whereas
genes =0.7 are considered down-regulated (Down).
Genes expressing at 0.7~1.3 times the level in DMSO
were regarded as not changed (N/C).

were located within 5 kb of a gene, leaving only 35 (11 %)
outside this range (Fig. 1D).

To address whether the DOX-BrIP sites preferentially
arise in transcriptionally active genes, we compared their
locations with the RNA sequencing (RNA-seq) data of
HeLa cells generated by the ENCODE consortium (Derrien
et al. 2012). Two-hundred-forty-eight BrIP sites inter-
sected with expressed regions of the genome, a signifi-
cant enrichment relative to the random expectation of
overlap (Fig. 1E; Z-statistics are explained in the Supple-
mental Material). Conversely, the overlap of DOX-BrIP
sites with nonexpressed genes was significantly lower than
random expectation. PFTK1, MET, and RBM39 are exam-
ples of expressed genes that overlap with DOX-induced
neoreplication origin clusters, genes that will be studied in
detail later (Fig. 1F).

DOX-induced neoreplication origin clusters repress
transcription of overlapping genes

We next tested in normally cycling (cell cycle-asynchro-
nous) cells whether transcription of the 47 genes over-
lapping with the local clusters of fired origins and stalled
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forks is altered by DOX. We first confirmed that 12 re-
presentative DOX-BrIP clusters of neo-origins also fire in
the presence of DOX in cell cycle-asynchronous HeLa
cells (Supplemental Fig. S1D). Quantitative RT-PCR
(qQRT-PCR) of mRNA revealed that more (51%, 24 of 47)
of the genes overlapping with the clusters of neo-origins
were down-regulated by DOX than were up-regulated
(21%, 10 of 47) or unchanged (28%, 13 of 47) (Fig. 1G;
Supplemental Fig. S2A; Supplemental Table S3). In con-
trast, far fewer of the genes located =50 kb from DOX-BrIP
sites (distal) were down-regulated by DOX: 21 % (four of 19)
(Fig. 1G; Supplemental Fig. S2B; Supplemental Table S3).
Thus, the genes that overlap with the clusters of neo-
replication origins were preferentially down-regulated by
DOX in comparison with distal genes. The repression is
not a direct effect of topoisomerase II inhibition on the
transcription apparatus. First, genes overlapping with
HU-induced neoreplication origin clusters (Karnani and
Dutta 2011) were similarly repressed by HU, which is not a
topoisomerase II inhibitor (Supplemental Fig. S3). Second,
when roscovitine prevented the appearance of BrIP clus-
ters in DOX-treated cells (Supplemental Fig. S1B), it also
prevented the down-regulation of these overlapping genes
(data not shown) even though topoisomerase II continued
to be inhibited.

The mRNA decrease could be due to transcriptional or
post-transcriptional repression. To distinguish between
the two, we measured RNA polymerase II recruitment to
three genes (PFTK1, MET, and RBM39) repressed in DOX
and overlapping with clusters of neoreplication origins.
Chromatin immunoprecipitation (ChIP) showed that DOX
significantly decreased RNA polymerase II binding to the

>

promoters (Fig. 2A) and bodies (Fig. 2B) of all three repressed
genes. In contrast, RNA polymerase II recruitment to the
promoter of a distally located gene, WNT2, was not de-
creased. Similarly, EHD1 and CGN genes overlapping with
a single DOX-BrIP site, but not a cluster, and induced by
DOX did not suffer a decrease in RNA polymerase IT binding
(Fig. 2A). Therefore, a local (geographical) effect of clusters
of neoreplication origins may be involved in the specific
transcriptional repression of genes overlapping with such
clusters while sparing genes elsewhere in the genome.

Stalled replication forks are formed at neoreplication
origin cluster-coupled gene loci

We therefore hypothesized that neoreplication origin clus-
ters suppress the transcriptional activity of overlapping
genes because of the local accumulation of stalled replica-
tion forks. Stalled replication forks give rise to ssDNA that
is coated by RPA (Zou and Elledge 2003; Minotti et al.
2004; Cimprich and Cortez 2008). Indeed, many foci of
RPA were formed following DOX treatment (Supplemen-
tal Fig. S4A). ChIP assay for RPA70 showed increased
loading of RPA at the promoters of the three genes over-
lapping with clusters of neo-origins and repressed in DOX
(Fig. 2C). In contrast, no significant binding of RPA was
observed at the WNT2, EHD1, and CGN promoters. RFC2,
a subunit of the clamp loader present at replication forks,
was also enriched at the same sites as RPA (Supplemental
Fig. S4B). RPA and RFC2 recruitment indicates that
ssDNA and stalled forks accumulate near the neoreplica-
tion origins in DOX-treated cells and overlap with the
neighboring, transcriptionally repressed genes.
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Figure 2. DOX produces excess RPA-bound, dechromatinized DNA near sites of stalled forks and disrupts the local recruitment of RNA
polymerase II. (A,B) ChIP assay for RNA polymerase II (polll) at the promoter (A) and gene body (B) of three representative genes —(PFTK1,
MET, and RBM39) overlapping with BrdU-labeled tracks and negative control genes (in A only). Each value represents a relative DNA
concentration based on the standard curve of the input samples. (IgG) Normal IgG ChIP; (DMSO) anti-RNA polymerase II ChIP from
DMSO-treated cells; (DOX) anti-RNA polymerase II ChIP from DOX-treated cells. Mean = standard deviation (SD) of three
measurements. (C,D) ChIP assay for RPA70 (C) and histone H3 (D) was conducted as for RNA polymerase I in A.
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Stalled replication forks are known to evict nucleo-
somes locally (Groth et al. 2007; Jasencakova et al. 2010).
There was a marked decrease in the association of his-
tone H3 at the promoters of the repressed genes over-
lapping with stalled forks, PFTK, MET, and RBM39 (Fig.
2D), and this, too, was a local effect not seen at other
sites, such as ENT2, EHD1, or CGN. The very localized
RPA recruitment and histone eviction suggest that
DOX-induced clusters of stalled forks are associated
with abnormal chromatin structure and excessive ssDNA
that may directly prevent RNA polymerase II recruit-
ment. However, the stalled forks also have global effects
on the cell, such as the activation of checkpoint en-
zymes, which will be shown below to also play a role in
this repression.

The ATR-dependent checkpoint pathway degrades
ASFl1a via CRL1PTRCP E3 ligase

To understand the mechanism of the local dechromatini-
zation associated with stalled replication forks, we exam-
ined ASFI1, a histone H3/H4 chaperone that mediates
nucleosomal chromatin assembly after DNA replication
and repair and is involved in transcriptional regulation
(Schulz and Tyler 2006; Goodfellow et al. 2007; Groth et al.
2007; Li et al. 2007; Moshkin et al. 2009; Takahata et al.
2009). There are two ASFI isoforms in human cells: ASFla
and ASF1b. DOX specifically decreased ASF1a (Fig. 3A) but
not ASF1b or CAF1, another histone chaperone that acts at
replication forks (Hoek and Stillman 2003). Since the
protein level of ASFla increases in a normal S phase
(Supplemental Fig. S5A), the decrease in ASFla in DOX
is not simply due to the accumulation of cells in S
phase. As expected, the DOX-induced stalled replica-
tion forks activated the cell cycle checkpoint, as con-
firmed by CHKI1 phosphorylation, and this activation
was reversed by caffeine treatment (Supplemental Fig.
S5B; Harrison and Haber 2006). Caffeine (Fig. 3A) and
siRNA-mediated depletion of ATR, but not ATM (Fig. 3B),
restored the level of ASFla. Therefore, the decrease of
ASFla is downstream from the ATR-dependent check-
point pathway.

MG132, a proteasome inhibitor, prevented the decrease
of ASF1la (Fig. 3C). Proteins targeted to the proteasome are
usually polyubiquitinated by a substrate-specific E3 ligase.
Since CRL1PFTRCP gctivation has been shown in ATR-
activated cells (Frescas and Pagano 2008), we examined
whether this E3 ligase is involved in ASFla degradation
in response to DOX. Knockdown of BTRCP or Cullinl
(CRL1) restored ASFla abundance in DOX (Fig. 3D), but
knockdown of another E3 ligase, the CDT2 subunit of
CRL4%%? did not stabilize ASF1a (Supplemental Fig. S5C).
When ASFla degradation was prevented by MG132, it
coimmunoprecipitated with BTRCP and Cullinl only in
DOX-treated cells (Fig. 3E). Conversely, immunopre-
cipitation of BTRCP coimmunoprecipitated MG132-
stabilized ASFla in DOX-treated cells (Fig. 3F). The in-
teraction of ASFla with CRL1FTRCP was disrupted by ATR
knockdown or ATR inhibition with caffeine (Fig. 3E,F).
These results suggest that the stalled replication forks
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Figure 3. DOX induces ATR-CRLIPT™®F_dependent ASFla
degradation. (A) Immunoblots of cell lysates. ASFla, but not
ASF1b or CAF1, was decreased by DOX for 20 h, and this decrease
was relieved by 5 mM caffeine added to cells from —4 h relative to
DOX until the time of harvest. ACTIN was used as a loading
control for the immunoblots. (B, left panel) ASFla/b examined in
cells transfected with siGL2, siATR, or siATM for 24 h and then
treated with DOX for 20 h under continued exposure to siRNAs.
(Right panel) Knockdown of endogenous ATR or ATM by siRNA
was confirmed by immunoprecipitation (IP) and Western blot
(WB). The IgG amount in each lane served as the loading control
for the immunoprecipitates, and ACTIN shows equal amounts of
whole -cell extracts (WCEs). (C) Cells treated with DOX for 20 h
were exposed to 10 .M MG132 for 4 h before harvest. Endogenous
ASFla and ACTIN were immunoblotted. (D) Cells transfected
with two different siRNAs to BTRCP for 24 h and a siRNA to
Cullin1 for 48 h before DOX treatment for 20 h with continued
incubation with siRNA and subjected to Western blotting for
the indicated proteins and ACTIN (loading control). (E) After
transfection of siGL2 or siATR (24 h) or exposure to 5 mM
caffeine (4 h), cells were treated with DOX or DMSO for 20 h
with continued incubation with siRNA or caffeine. Cells were
harvested after exposure to 10 puM MG132 for 4 h to stabilize
the ASFla. Immunoprecipitates (top four panels) or input
whole-cell extracts (bottom three panels) were immunoblotted
for the indicated proteins. IgG served as a loading control for
immunoprecipitates, and Cullinl served as a loading control for
whole-cell extracts. (F) An experiment similar to E, except im-
munoprecipitation done with anti-TRCP antibody.

induced by DOX activate the ATR-mediated check-
point pathway to promote the interaction of ASFla with
CRL1PTRCP setting in motion the polyubiquitination and
proteasome-mediated global destruction of ASFla.
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Eviction of histone H3 and accumulation of RPA near
DOX-induced clusters of stalled forks is dependent
on ASFla

To verify whether the decrease of ASFla is involved in the
eviction of histones and loading of RPA at DOX-induced
clusters of stalled forks, we overexpressed ectopic
HA-tagged ASFla (Supplemental Fig. S5D), which did
not alter the appearance of BrIP sites in DOX (Supplemental
Fig. S5E). The overexpression was sufficient to counter the
decrease of endogenous ASFla upon DOX treatment. The
HA-ASFla was specifically enriched upon DOX treatment
in the neighborhood of the stalled forks, with significantly
more enrichment at the transcription start site (TSS) than
+5 kb away from the TSS (Fig. 4A). In contrast, we did not
see the enrichment of ectopic ASF1a at the negative control
genes WNT2, EHD1, and CGN (Supplemental Fig. S5F),
suggesting that the ASF1a, if present, is enriched specifically
near the stalled replication forks. The ectopically overex-
pressed ASFla restored RNA polymerase II and histone H3
to the promoters of the formerly repressed genes while
inhibiting the accumulation of RPA (Fig. 4B-D). Therefore,
the decrease of ASFla in DOX-treated cells is responsible for
the loss of histones, increase of RPA binding, and blocking
of RNA polymerase Il recruitment to the promoters of genes
overlapping with the clusters of stalled replication forks.

The ATR-dependent checkpoint pathway is required
for transcriptional repression of overlapping genes

Since the ATR-dependent checkpoint pathway is required
for the loss of ASFla in DOX-treated cells (Fig. 3), we

predicted that ATR will also be required for the loss of
histones, accumulation of RPA, and loss of RNA poly-
merase II at DOX-induced clusters of stalled forks.
Caffeine prevented the DOX-induced eviction of histone
H3 at the promoters of the three genes overlapping with
these clusters (Fig. 5A) and blocked the recruitment of
RPA at these sites (Fig. 5B). The WNT gene locus, distal
from the clusters, was not affected by these manipulations.
Additionally, the overall number of cells positive for RPA
foci following DOX treatment was decreased following
ATR depletion by siRNA (Supplemental Fig. S6A). Caf-
feine also restored RNA polymerase II at the promoters
(Fig. 5C) and bodies (Supplemental Fig. S6B) of the formerly
repressed genes overlapping with the clusters of stalled
forks with no effect at the promoter of a distal gene, WNT2
(Fig. 5C). Caffeine reversed the mRNA decrease of genes
overlapping with the clusters of stalled forks (Supplemen-
tal Fig. S6C). Caffeine can inhibit both ATR and ATM.
However, siRNA-mediated knockdown showed that ATR,
but not ATM, is required for the suppression of mRNA
levels following DOX treatment (Fig. 5D). UCN-01 specif-
ically inhibits CHK1, an enzyme downstream from ATR
(Graves et al. 2000). UCN-01, but not wortmannin or
NU7441, also restored expression of the genes overlapping
with stalled forks (Supplemental Fig. S6D-F). Wortmannin
at the low doses used in this experiment inhibits DNA-
PKcs and ATM but not ATR (Sarkaria et al. 1998),
while NU7441 selectively inhibits DNA-PKcs and ATM
(Leahy et al. 2004). These results indicate that the ATR~
CHKI1 checkpoint pathway, and not ATM or DNA-PK, is
specifically required for (1) impairing chromatin assembly,
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Materials and Methods. Student’s t-test analysis, (*) P < 0.05.

(2) increasing ssDNA formation and RPA binding, and
(3) preventing the association of RNA polymerase II and
gene transcription near stalled replication forks.
Interestingly, DOX-induced overexpression of p21 was
significantly decreased by depletion of ATM, not ATR
(Fig. 5D), suggesting that (1) DSBs also occur in DOX and
activate ATM and (2) the DSB-dependent, ATM-mediated
checkpoint pathway regulates the transcription of other
genes in response to DNA damage. ATM inhibition did not
reverse the inhibition of genes overlapping with stalled
forks (Fig. 5D), suggesting that most of that inhibition in the
vicinity of the stalled forks was not due to ATM or DSBs.

Knockdown of ASFla antagonizes the recovery
of transcription when the ATR-dependent checkpoint
pathway is inhibited

If the ASFla decrease in checkpoint-activated cells is
responsible for the phenotypes observed, we reasoned that
when the checkpoint is inhibited, restoration of transcrip-
tion and histones and removal of RPA would be dependent
on the restoration of ASF1a. To test this, DOX-treated cells
were transfected with ASFla siRNA for 24 h prior to
addition of caffeine to block the checkpoint. mRNA levels
were not rescued by caffeine when ASFla was depleted
(Fig. 6A,B). Identical results were obtained with a second
siRNA to ASFla (Supplemental Fig. S7A,B). Since knock-
down of ASFla by siRNA did not affect the locations of
DOX-BrIP sites (Supplemental Fig. S7C), this result was
not due to the disappearance of DOX-BrIP sites after ASFla
depletion. Histone H3 loading (Fig. 6C) and RPA removal

(Fig. 6D) were also impaired when ASFla was depleted.
Thus, ASFla decrease by itself can phenocopy the effects
of checkpoint activation on transcription, chromatin, and
ssDNA formation near stalled replication forks.

Depletion of ASF1a inhibits the loading of RNA
polymerase II on newly replicated DNA

Finally, we asked whether ASFla is required for the re-
cruitment of RNA polymerase II on newly synthesized
DNA even in an unperturbed S phase in the absence of
DOX. After 24 h of exposure to siRNA for control GL2 and
ASFla, BrdU was added to the cells for variable periods of
time before harvest, and BrdU-incorporated DNA was
captured by BrIP or ChIP (Fig. 7A). The DNA eluted from
the precipitates was assayed for newly synthesized DNA
by ELISA with anti-BrdU antibodies. First, ELISA of BrIP
precipitates showed that depletion of ASFla did not de-
crease the rate of replication of DNA (Fig. 7B). Depletion of
ASFla decreased the amount of BrdU-incorporated DNA
that was precipitated by ChIP with histone H3 (Fig. 7C),
consistent with the suggestion that ASFla is very im-
portant for rechromatinization of newly replicated DNA.
Depletion of ASFla also decreased the association of RNA
polymerase II with the newly replicated DNA (Fig. 7D).
Therefore, ASFla is essential even in a normal S phase for
the rapid rechromatinization and restoration of RNA
polymerase I immediately after passage of a replication
fork. It is intriguing that yeast Asfl has a similar rechro-
matinization role immediately after passage of a transcrip-
tion bubble (Schwabish and Struhl 2006).
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Knockdown of ASFla enhances the sensitivity
of cancer cells to DOX

DOX is widely used for treating various cancers. Since
our data indicated that ASFla decrease is critical for the
deleterious effects of DOX on the chromatin state and
transcription in the vicinity of stalled replication forks,
we wondered whether HeLa cells would be more sensitive
to DOX upon predepletion of ASFla. Clonogenic colony
formation assays measure the long-term viability of cells
after treatment with DOX. Depletion of ASFla signifi-
cantly sensitized the cells to DOX in this assay (Fig. 7E).
While ASFla alone is important for cell proliferation, we
corrected for this effect by normalizing growth in DOX
relative to growth in DMSO in the control and ASFla-
depleted cells. Therefore, ASFla, which regulates chroma-
tin structure soon after the passage of a replication fork,
has an important role in protecting our cells from chemo-
therapeutic drugs like DOX.

Discussion

DOX is widely used in chemotherapy and is believed to
act by DNA damage caused by the inhibition of topo-
isomerase II. We began with genomic studies to identify
sites in the genome where DOX produces clusters of
stalled replication forks, showed that the clusters tend to
overlap on transcribed genes, and discovered that the very
same genes are repressed by the clusters due to active
dechromatinization and eviction of RNA polymerase II.
The dechromatinization directed our attention to histone
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chaperones, and we discovered that one of them, ASFla, is
actively degraded by an ATR checkpoint-induced pathway
that targets ASFla to CRL1PFTRP E3 ubiquitin ligase. We
then showed that restoring the ASFla or suppressing the
ATR-Chk1 checkpoint pathway prevents the dechromatin-
ization and gene repression. Conversely, siRNA-mediated
depletion of ASFla phenocopied the effect of the check-
point. Finally, we showed that even in a normal S phase,
ASFla is critical for the rechromatinization and restoration
of RNA polymerase II on newly synthesized DNA soon
after passage of the replication fork.

Thus, we present a novel mechanism in which DOX
produces clusters of stalled replication forks at defined
sites in the genome to activate checkpoint pathways that
degrade ASFla by CRL1PT™®C? and proteasomes. Since
ASFla is present at replication forks and is required for
the rapid chromatinization and RNA polymerase II re-
loading after passage of a replication fork, the checkpoint-
induced ASFla degradation specifically leads to dechro-
matinization of and RNA polymerase II eviction from the
newly replicated DNA. We suggest that the naked, newly
replicated DNA is more susceptible to nucleases and
helicases, leading to the production of more ssDNA in
these same regions, perhaps contributing to the RNA
polymerase II eviction (model in Fig. 7F). This is an
interesting example of how a globally active checkpoint
pathway is integrated by localized clusters of stalled
replication forks to produce very local changes in chroma-
tin and gene expression. It is also a novel mechanism of
action of the commonly used anti-cancer drug DOX.
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As explained above, the checkpoint-induced ASFla
degradation leads to the production of more ssDNA over
the newly replicated DNA and thus contributes to more
RPA binding. Since RPA-coated ssDNA is necessary to
activate ATR, our results suggest a positive feedback loop
by which activated ATR decreases ASFla, leading to
further loading of RPA and further activation of ATR.
Our findings provide another mechanism by which ATR
could, as reported, facilitate RPA loading at DNA damage
foci and on chromatin in mammals and yeast (Barr et al.
2003; Cobb et al. 2005).

Previously, we characterized clusters of neoreplication
origins in HU-treated HeLa cells in the 1% of the genome
studied by the ENCODE pilot project. There was a strong
concordance in the location of HU-induced and DOX-
induced BrIP sites and clusters, suggesting that particu-
lar genomic regions are susceptible to firing normally
dormant origins in response to a variety of DNA-dam-
aging agents. The clusters of neo-origins fire preferen-
tially in areas of the genome that are rich in transcrip-
tionally active genes. Since transcriptional repression is
a local phenomenon seen near the clusters of stalled
forks, it will be interesting to assess whether the clusters
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Figure 7. Depletion of ASFla inhibits the load-
ing of RNA polymerase II at newly synthesized
DNA. (A-D) After 24 h of depletion of ASFla,
BrdU was added during the indicated time
(shown in A). BrdU-incorporated DNA was cap-
tured by BrIP (B), histone H3 ChIP (C), or RNA
polymerase II (polll) ChIP (D). BrdU-incorporated
DNA eluted from BrIP or ChIP was analyzed by
ELISA with anti-BrdU antibody. (E) The percent-
age of viable colonies after exposure of HeLa cells
45 to DOX relative to DMSO with or without de-
pletion of ASFla (left) and representative exam-
ples of plates with colonies (top right). Mean + SD
from three independent experiments. (F) Schematic
model of transcriptional repression of genes near
DOX-induced clusters of stalled replication forks.
ASFla promotes nucleosome loading on the newly
replicated DNA. This chromatinization promotes
RNA polymerase II loading and suppresses un-
winding or nuclease activity on the newly repli-
cated dsDNA. ASFla is itself degraded by ATR
and CRL1PTRCP_dependent pathways activated by
RPA-coated ssDNA that is present at stalled forks
and that increases as more ssDNA is generated
after dechromatinization of the newly replicated
DNA.

appear at the same sites (genes) in cancer cells of different
lineages with different gene expression patterns. If the
sites (genes) affected are lineage-specific, DOX and
other DNA-damaging chemotherapy agents could have
lineage-specific toxicities due to differences in which
genes are repressed by the mechanism described in this
study.

Clusters of stalled forks are expected to not only pro-
duce ssDNA but also give rise to chromosome breaks or
double-strand ends formed by fork regression. DSB-in-
duced, ATM-dependent signaling is known to inhibit the
promoter activity of RNA polymerase II reporter genes
due to suppression of transcription elongation (Shanbhag
et al. 2010). The kinase activity of ATM also inhibits
RNA polymerase I following DSBs (Kruhlak et al. 2007).
Inhibition of RNA polymerase II-dependent gene tran-
scription following I-Ppol-induced DNA breakage is de-
pendent on DNA-PKcs (Pankotai et al. 2012). Although
we expected clusters of stalled forks to give rise to double-
strand ends and activate ATM and DNA-PKcs, the check-
point pathway reported here is exclusively mediated by
ATR but not ATM and DNA-PKcs. Thus, the dechromati-
nization and RNA polymerase II eviction that are studied
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here are mostly due to excess ssDNA, leading to activation
of ATR and CHKI1 and decrease of ASFla. However, our
results do not rule out additional changes in the cell from
ATR or even from the activation of ATM or DNA-PKcs
upon DOX treatment.

ASF1 is a well-known histone chaperone that mediates
chromatin assembly during DNA replication and repair
(Tyler et al. 1999; Groth et al. 2005) and also modulates
transcription (Schwabish and Struhl 2006; Minard et al.
2011). Yeast Asfl is directly involved in the recruitment
of RNA polymerase II to promoters and in the acetylation
of Lys56 (K56) on newly synthesized H3 histone deposited
on chromosomes during S phase (Recht et al. 2006;
Schwabish and Struhl 2006). ASF1-mediated H3 acetyla-
tion is important for regulating gene transcription in
yeast (Xu et al. 2005; Williams et al. 2008; Lin and Schultz
2011; Minard et al. 2011), Drosophila, and human cells
(Das et al. 2009; Yuan et al. 2009; Battu et al. 2011). Our
data demonstrate yet another context in which ASF1
regulates gene transcription. In the vicinity of replica-
tion forks, ASFla, not ASF1b or CAF1, directly pro-
motes chromatinization, RNA polymerase II binding,
and transcription.

The two different isoforms of human ASF1—ASFla
(205a.a) and ASF1b (203a.a)—show a 71% identity with
yeast ASF1 in the N-terminal region that associates with
the H3-H4 histones but not in the C-terminal regions
(Sillje and Nigg 2001; De Koning et al. 2007). Despite their
highly conserved N-terminal regions and many similar-
ities in cellular roles, ASF1a possesses functions different
from ASF1b, as observed in this study. ASF1b, unlike
ASF1a, was not decreased by the checkpoint and was not
necessary for the restoration of transcription when the
checkpoint was inhibited by caffeine (data not shown).
Others have noted similar differences between ASFla and
ASF1b. S-phase-specific phosphorylation of ASFla has
been preferentially observed in HeLa cells compared with
ASF1b, and this phosphorylation was regulated by DNA
damage such as IR and UV (Sillje and Nigg 2001; Groth
et al. 2003). ASFla, but not ASF1b, regulates UV-induced
checkpoint recovery through ATM and histone H3-K56
acetylation (Battu et al. 2011). On the other hand, only
ASF1b can compensate for the growth defects of yeast
lacking endogenous Asfl (Tamburini et al. 2005); ASF1b
also has a greater ability to increase breast cancer cell
proliferation (Corpet et al. 2011).

The decrease of human ASFla in response to stalled
replication forks has some parallel to the inhibition of
Asfl-controlled histone deposition after DNA damage
in yeast, but the latter is achieved by phosphorylation
of Rad53 (Chk2 equivalent) disrupting the interaction of
Rad53 with Asfl (Emili et al. 2001; Hu et al. 2001; Mousson
et al. 2007; Jiao et al. 2012). In contrast, the ATR-CHK1
pathway activated by stalled replication forks in human
cells appears to polyubiquitinate ASFla by CRL1PT™R“PE3
ligase, leading to degradation by proteasomes. Although
DNA damage in mammals activates Tousled-like kinases
(TLK1/2) through checkpoint kinases, and TLKs phos-
phorylate ASFl1a (Sillje and Nigg 2001; Groth et al. 2003;
Pilyugin et al. 2009), we failed to implicate TLKs in the
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decrease of ASFla in DOX-treated cells (data not shown).
CRLI1PTRCP j5 well known to target several proteins, such
as CDC25A/B and Claspin, to regulate the response to
DNA damage and replication stress in mammalian cells
(Busino et al. 2003; Jin et al. 2003; Frescas and Pagano
2008). ASFla can now be added as an important target of
the ATR-CHK1-BTRCP pathway in response to a high
density of stalled replication forks.

DOX (Adriamycin), a commonly used chemotherapeu-
tic agent, is an anthracycline antibiotic known to impede
DNA replication by inhibiting DNA topoisomerase II
(Bodley et al. 1989). An important result in this study is
that knockdown of ASFla enhances the sensitivity of
cancer cell lines to DOX (Fig. 7E). While we cannot be
certain that the additive toxicity of ASFla depletion and
DOX treatment is due to the role of ASFla at the rep-
lication forks, the biochemical data provided in this study
are supportive of such a hypothesis. Regardless of this
caveat, the increased DOX sensitivity in ASFla-depleted
cells along with the reports of homozygous deletion of
ASFla in several human tumors (Supplemental Table S4)
lead to an interesting possibility: As personalized ther-
apy of cancers directed by sequencing of tumor DNA and
RNA becomes a reality, it will be useful to evaluate
whether loss of ASFla predicts a superior responsiveness
of these cancers to DOX.

Materials and methods

Cell culture, inhibitors, and siRNAs

HeLa cells, human cervical adenocarcinoma cells, were cultured in
DMEM supplemented with 10% FBS and antibiotics at 37°C in
a humidified incubator containing 5% CO,. Five millimolar caf-
feine (Sigma), 10 wM roscovitine (Sigma), 300 nM UCN-01 (Sigma),
1 uM wortmannin (Sigma), and 1 pM NU7441 (SelleckChem) were
added in culture medium. All siRNAs were chemically synthesized
from Invitrogen except for siATR and siATM (Dharmacon). Trans-
fections of siRNAs were carried out with oligofectamine reagents
following the manufacturer’s instruction. The sense strand se-
quences of siRNAs used in this study are listed in the Supplemental
Material.

BrIP for hybridization to genome tiling microarray

The BrIP and hybridization to microarrays were performed as
described in our previous reports (Karnani et al. 2010). For details,
see the Supplemental Material.

Identification of clusters of BrIP sites and comparison
of their locations with transcriptional units

These analyses were performed as previously described (Karnani
and Dutta 2011). To identify the transcriptionally active regions
in the HeLa cell genome, we used paired-end high-throughput
whole-cell RNA-seq data from HeLaS3 cells. For details, see the
Supplemental Material.

BrIP assay on asynchronous cells

We performed the BrIP assay as previously described with some
modifications (Karnani et al. 2010). Asynchronous cells were
incubated in 1.5 pM DOX for 20 h along with 100 M BrdU for
the last 14 h. The immunoprecipitated DNA-antibodies complex



was washed once with 1X immunoprecipitation buffer and in-
cubated in digestion buffer containing 50 mM Tris-HCI (pH 8.0,
10 mM EDTA, 0.5% SDS, and 250 pg/mL proteinase K for 2 h at
50°C. The eluted DNA was analyzed by qPCR using an ABI 7300
real-time PCR system (Applied Biosystems) or ELISA assay. The
signal value in each experiment represents a relative DNA
concentration based on the standard curve of the input samples.
Error bars represent the standard deviation of the mean from
triplicates. The result was confirmed by three independent ex-
periments. Primer sequences for qPCR are provided in Supple-
mental Table S5.

gRT-PCR

To analyze the expression of target genes, total cellular RNA
was purified from cells using TRIzol reagent (Invitrogen)
following the manufacturer’s instructions. cDNA was gener-
ated from 2 pg of RNA using the Superscript III first strand
synthesis system (Invitrogen) and subjected to qQRT-PCR using
an ABI 7300 real-time PCR system (Applied Biosystems). The
relative expression of each gene was normalized to a house-
keeping gene, GAPDH, and analyzed by the AACT method
(Schmittgen and Livak 2008). All bar graphs represent the
average of three independent experiments. Error bars indicate
the standard deviation of the mean, and statistical significance
is shown using the Student’s ¢-test analysis: P <0.001 (***), P<
0.01 (**),and P < 0.05 (*). Primer sequences are provided in
Supplemental Table S5.

ChIP assay

The ChIP assay was performed as previously described with
slight modifications (Negishi et al. 2010). Detailed methods are
provided in the Supplemental Material.

Immunoprecipitation and immunoblotting

For immunoprecipitation, whole-cell extracts from cells were
resuspended in buffer containing 20 mM Tris-HCl (pH 7.5), 100
mMNaCl, 1% Nonidet P-40, 5% glycerol, 1 mM EDTA, 1 mM
MgCl,, 1 mM ATP, 1 mM DTT, 10 mM NaF, 1 mM sodium
vanadate, and protease inhibitors. One milligram of total cell
extract was incubated with the indicated antibodies and im-
munoprecipitated with protein G-conjugated agarose beads
(GE Healthcare). For immunoblotting, ~30-50 pg of protein was
subjected to SDS-PAGE analysis. Antibodies against each protein
were purchased from the following companies: CHK1, Cyclin A,
Cyclin E, CULI, and CAFI1 from Santa Cruz Biotechnology;
p-CHK1(Ser345), ASFla, ASF1b, and BTRCP from Cell Signaling
Technology; ATR from Affinity Bioreagent; ATM from Novus
Biological; and BRCA1 from Milipore.

BrdU ELISA assay

BrdU-incorporated DNA was attached on a 96-well plate coated
with poly-L-lysine (Becton Dickinson) and bound with POD-
conjugated anti-BrdU antibody (Roche) for 30 min. After washing
unbound antibodies with PBS, bound POD was activated by
ultra-TMB-ELISA solution (Thermo Scientific), and the reaction
was stopped after 5 min with 2 M H,SO4. The colorimetric signal
was measured at a 450-nm wavelength in an ELISA plate reader
(BioTek). The reading from a blank well was subtracted from all
measurements, and error bars represent the standard deviation
from three technical replicates. The result was confirmed by two
independent measurements.

Transcriptional repression at stalled forks

Clonogenic colony formation assay

After transfection of the indicated siRNA, HeLa cells were plated
in six-well plates and treated with 1.5 pM DOX for 1 h. At 7 d
after initial DNA damage, the HeLa cell colonies were stained
with crystal violet and quantitated using GeneTools software
(Syngene).
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