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Summary

Double strand breaks (DSBs) of the DNA in eukaryotic cells are predominantly repaired by non-
homologous end joining (NHEJ). The histone chaperone, anti-silencing factor 1a (ASF1a)
interacts with MDC1 and is recruited to sites of DSB to facilitate the interaction of phospho-ATM
with MDC1 and the phosphorylation of MDC1, which is required for the recruitment of RNF8/
RNF168 histone ubiquitin ligases. Thus, ASFla deficiency reduces histone ubiquitination at
DSBs, decreasing the recruitment of 53BP1 and decreases NHEJ, rendering cells more sensitive to
DSBs. This role of ASF1a in DSB repair cannot be provided by the closely related ASF1b, and
does not require its histone chaperone activity. Homozygous deletion of ASFIais seen in 10-15%
of certain cancers, suggesting that loss of NHEJ may be selected in some malignancies, and that
the deletion can be used as a molecular biomarker for cancers susceptible to radiotherapy or to
DSB-inducing chemotherapy.
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DNA double stranded breaks (DSB) are harmful lesions that contribute to genomic
instability, with failure to repair these breaks leading to abnormal development, pre-mature
aging, and tumorigenesis (Helleday et al., 2007; Jackson and Bartek, 2009; Li et al., 2007;
McKinnon, 2009; Moynahan and Jasin, 2010). Non-homologous end joining (NHEJ) and
homologous recombination (HR) are the primary repair pathways used to resolve DSBs
(Ceccaldi et al., 2016). While HR repair is restricted to S-G2 phases of the cell-cycle due to
the availability of complementary homologous sequences, NHEJ repair occurs throughout
the cell cycle with a preference for the GO and G1phases (Heyer et al., 2010). Although
NHEJ repair is more error-prone than HR, it is predominantly utilized in vertebrates
presumably because most cells in the body spend more time in GO and G1 (Kass and Jasin,
2010; Lieber, 2010).

Ubiquitination of histones adjacent to DSB sites is an important branch point that promotes
NHEJ over HR (Doil et al., 2009; Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007).
53BP1 binding to DSBs is dependent on ubiquitination of histones H2A and H2AX
(shortened to H2A/X) at lys15 and also on dimethylation of H4 at lysine 20 (Botuyan et al.,
2006; Fradet-Turcotte et al., 2013; Zgheib et al., 2009). Recruitment of 53BP1-Rifl complex
to the DSBs promotes NHEJ repair and prevents the HR-promoting BRCA1-CtIP complex
from binding to DSB sites (Chapman et al., 2013; Di Virgilio et al., 2013; Feng et al., 2013;
Zimmermann et al., 2013), even though the BRCA1-RAP80-Abraxas-BRCC36 complex
(non-functional for HR) is recruited to the ubiquitinylated histones (Kim et al., 2007a;
Sobhian et al., 2007; Wang et al., 2007). Recruitment of BRCA1-Rap80 is a second way by
which HR repair is inhibited by histone ubiquitination by depleting the pool of BRCA1
available for promoting HR by associating with CtIP, Bachl and Rad51 (Hu et al., 2011).
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Thus, ubiquitination at DSBs is a crucial feature in DNA Damage Repair for determining
whether a DSB is repaired by NHEJ or HR.

The first step in the repair of DSBs is the MRE11-RAD50-NBS1 (MRN) complex mediated
recruitment and activation of ATM kinase triggered by DSBs (Paull, 2015). ATM
phosphorylates H2AX at Serine 139, which facilitates phospho-H2AX interaction with
MDC1 (Lou et al., 2006; Stewart et al., 2003; Stucki et al., 2005). Although the initial
localization of ATM to DSBs requires MRN, the interaction of autophosphorylated ATM
with MDC1 is required for the prolonged association of phospho-ATM to DSBs (So et al.,
2009) and for ATM dependent phosphorylation of MDC1, which promotes interaction of
phospho-MDC1 with RNF8 E3 ligase (Huen et al., 2007; Mailand et al., 2007). RNF8
recruits RNF168 (Doil et al., 2009; Stewart et al., 2009; Thorslund et al., 2015), which
initiates ubiquitination on H2A/X (Mattiroli et al., 2012).

ASF1 (anti-silencing factor 1) is a histone chaperone that interacts with newly synthesized
H3-H4 heterodimers and hands over the histones to the histone chaperone CAF-1 for
nucleosome assembly after replication or repair (Mello et al., 2002; Tyler et al., 1999; Tyler
et al., 2001; Winkler et al., 2012). Higher eukaryotes contain two paralogs of yeast ASF1,
ASF1la and ASF1b with significant difference in sequence in their C-terminal parts (De
Koning et al., 2007; Munakata et al., 2000; Sillje and Nigg, 2001). ASFla promotes H3
acetylation at lys56 by the CBP/p300 acetyltransferase, which is required for nucleosome
reassembly after DNA repair (Das et al., 2009; Groth et al., 2007). ASF1 is required for
checkpoint recovery and the return to normal cell cycle after DNA damage repair (Tsabar et
al., 2016), but there is no report that shows ASF1 is directly involved in DSB repair. We
have discovered that ASF1a is specifically required to promote NHEJ and thus suppress HR.
Specifically, ASF1a is required for the phosphorylated ATM to interact with and
phosphorylate MDC1, which is essential for the recruitment of RNF8/RNF168 and histone
ubiquitination, steps that are themselves essential for 53BP1 recruitment and NHEJ.

ASFlais required for NHEJ repair and resistance to DSB

NHEJ/DsRed293B cells (Golding et al., 2009; Mueller et al., 2013) contain a mutant DsRed
gene stably integrated in the genome that is activated when two specific DSB sites are cut by
I-Scel endonuclease and repaired by NHEJ to produce a functional DsRed gene. ASFla
knockdown with two different sSiRNAs of ASF1la (siASF1a-147 (Groth et al., 2005) and -355
(Groth et al., 2007)), reduced NHEJ without decreasing the expression of I-Scel (Figure 1A
and 1B). As expected, knockdown of 53BP1 decreased NHEJ while knockdown of BRCA1
had no effect on NHEJ.

In contrast, overexpression of ASFla stimulated NHEJ (Figure 1C). Expression of a SiRNA-
resistant ASF1a ameliorated the reduction in NHEJ repair seen upon siASF1a transfection,
indicating that the decrease in NHEJ is specific to ASF1a decrease and not due to any off-
target activity of the siRNA (Figure 1D). Furthermore, depletion of ASF1a renders the cells
more sensitive to ionizing radiation and bleomycin, agents that induce DSBs that are mostly
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repaired by NHEJ (Figure 1E and 1F). Overall, these results suggest that ASF1a is required
for NHEJ repair.

ASFla knockout reduces NHEJ and increases HR repair

To confirm a role of ASF1a in NHEJ repair, we generated CRISPR/CAS9 mediated
deletions of the ASF1ain NHEJ/DsRed293B cells (Figure 2A). PCR using primers across
the sgRNA targeted sites verified the genomic deletion of both ASFIaalleles (example in
Figure 2B), and immunoblotting showed a corresponding loss of ASF1a protein (Figure 2C).
The gene targeting did not affect the protein level of MCMO9, another DSB repair gene that
overlaps with the ASFIagene (Fig. 2C). Transfection of I-Scel expressing plasmids into
these clonal cell lines confirmed that NHEJ efficiency was reduced in ASF1aknockout cells
(Figure 2D), and this was rescued by re-expression of ASFla (Figure 2E and 2F), indicating
that the suppression of NHEJ was specifically due to the loss of ASFla. Furthermore we
found that disappearance of yH2AX after a transient DSB induced by a pulse of bleomycin
was significantly retarded in ASFZaknockout compared to wild type (Figure 2G and S1A).
This too suggests that NHEJ mediated repair of DSB is impaired in ASF1a depleted cells.

NHEJ and HR are competing DNA repair pathways (Lieber, 2010; Sonoda et al., 2006). The
HelLa DR13-9 cell line has two mutated partial GFP gene fragments that is able to produce
functional GFP signal only when an I-Scel induced DSB on the GFP gene is repaired by HR
(Ransburgh et al., 2010). HeLa DR13-9 ASFIa-/- cells were generated using the same
sgRNAs as in Figure 2A (Figure 2H and 2I). The ASFZaknockout lines showed an increase
of HR efficiency compared to wild-type cells (Figure 2J). We ruled out a trivial explanation
that the increase in HR was due to an increase in Rad51 by immunoblotting for the latter
(Figure 2I). We also obtained HeLa DR13-9 ASF1aknockout cells from a single sgRNA
targeting exon3 of ASF1a gene followed by NHEJ repair causing a frame-shift. In these
clones, too, the ASFIaknockout up-regulated HR efficiency (Figure S1B and S1C). We
clarified that the effect on HR efficiency was not from a cell cycle defect in the ASF1a
knockout cells (Figure S1D). Therefore, the complete absence of ASFla decreases NHEJ
and lead to a compensatory increase of HR.

ASFlais required for the recruitment of 53BP1 and RAP80 and inhibiting the recruitment
of CtIP at DSBs

As described in the introduction, the choice between NHEJ and HR for DSB repair depends
on the antagonistic recruitment of 53BP1-Rifl (for NHEJ) and BRCA1-CtIP (for HR)
(Panier and Boulton, 2014). Indeed, bleomycin induced 53BP1 foci were significantly
decreased in ASFla-depleted cells as well as in ASFZaknockout cells (Figure 3A to C and
S2). Depletion of RNF8, the E3 ligase, also decreased 53BP1 foci (positive control).
However, 53BP1 focus formation in ASF1a depleted cells was restored by siRNA-resistant
ASF1a (Figure 3D).

Turning to HR, we noted that BRCAL1 focus formation was not affected by the depletion of
ASF1la (Figure 3E and 3F). However, BRCA1 promotes or suppresses HR by forming
complexes with different proteins (Coleman and Greenberg, 2011; Hu et al., 2011; Li and
Greenberg, 2012). We, therefore, measured focus-formation by RAP80, which suppresses
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HR when associated with BRCAL, and CtIP, which promotes HR when co-recruited with
BRCAL (Figure 3G and 3H). RAP80 focus-formation was decreased, whereas CtIP focus-
formation was increased upon ASFla knockdown. Thus, ASF1a selectively promotes
recruitment of the HR-suppressing BRCA1-RAP80 and inhibits the binding of the HR-
promoting BRCAL-CtIP complex. These results suggest that ASF1la promotes NHEJ repair
over HR by facilitating the recruitment of 53BP1 and BRCA1-RAP80 while inhibiting the
recruitment of BRCAL1-CtIP complex.

ASFlais required for the proper localization of ATM and phosphorylation of MDC1 at DSB
by facilitating the ATM-MDC1 interaction

To understand why 53BP1 recruitment was inhibited by loss of ASF1a, we investigated the
cascade of protein recruitment at DSBs beginning with ATM, the kinase at the apex of this
cascade (Shiloh and Ziv, 2013). ATM is activated by autophosphorylation at Ser-1981,
which is required for its prolonged retention on DSBs through its interaction with MDC1
(So et al., 2009). Following DNA damage, auto-phosphorylation of ATM at Ser-1981
(pS1981-ATM) and phosphorylation of ATM substrates such as CHK2, NBS1 and H2AX,
were not decreased in ASFla-depleted cells (Figure 4A), suggesting that the MRN
dependent activation of ATM did not require ASF1a. However knockdown of ASFla
decreased pS1981-ATM foci in bleomycin treated cells (Figure 4B and 4C), while ectopic
expression of siRNA-resistant ASF1a restored the pS1981-ATM foci (Figure 4D). To
examine the kinetics of localization of activated ATM to DSB, the pS1981-ATM foci-
positive cells were counted at different time points after pulse-treatment of bleomycin
(Figure 4E). Although initial increase of the foci-positive cells was seen even in ASF1a
knockout cells like wild type, the increase was rapidly diminished in the knockout cell from
1 hr post-treatment, whereas the p-ATM foci persisted in the wild type cells (Figure 4E).
These results suggest that ASF1a is required not for the initial recruitment and activation of
ATM, but for the prolonged localization of activated ATM at DSBs.

The stable localization of phospho-ATM to DSB is dependent on its interaction with MDC1.
Immunoprecipitated MDC1 normally co-precipitated phospho-ATM upon DNA damage, but
this was decreased by ASF1a knockdown, indicating that ASF1a is required for the stable
interaction between MDC1 and phospho-ATM (Figure 4F). Phosphorylation of MDC1 by
ATM as measured with anti-phospho-S/TQ antibody, which recognizes sites phosphorylated
by ATM, showed that the phosphorylation of MDC1 after DNA damage by bleomycin or
cisplatin was markedly decreased upon ASF1a depletion or ASFIaknockout (Figure 4G and
4H). Thus ASF1a facilitates the stable interaction of phospho-ATM with MDC1 to promote
DSB localization of ATM and the phosphorylation of MDC1.

ASFlainteracts with MDC1, and the FHA domain of MDCL1 is required for ASFla
localization to DSBs

Since our data suggest that ASF1a has a role for DSB localization of ATM required for
MDC1 phosphorylation, we investigated whether there was any physical interaction between
ASFla and MDC1. HA-ASF1a immunoprecipitates contained endogenous MDC1 protein
even before cells see any DNA damage (Figure 5A). Although the ASFla V94R mutant did
not interact with H3, its interaction with endogenous MDC1 indicates that ASF1a-MDC1
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interaction is independent of ASF1a's histone chaperone function (Figure 5B). The
enrichment of ASF1a ChlIP signal at the I-Scel site after induction of a DSB shows that
ASF1la is itself recruited to the DSB (Figure 5C). The localization of ASF1a to the I-Scel cut
site is reduced when MDCL1 is depleted (Figure 5C). MDC1-depleted DNA damaged cells
showed less ASF1a immunofluorescence after pre-extraction of nuclei, suggesting that
MDC1 helps recruit ASF1a to a more insoluble chromatin-associated fraction (Figure 5D).
In contrast, RNF8 depletion did not affect the recruitment of ASF1a to the insoluble fraction
(Figure 5D). To check whether ASF1a and MDC1 were colocalized at DSB sites, we
isolated MDC1-bound DNA by ChIP of MDC1, then used the eluate from the first
precipitate for a second ChIP with anti-ASF1a antibody followed by PCR for the DNA at the
I-Scel cut site. The serial ChIP experiment revealed that ASF1a is co-localized with MDC1
at the I-Scel cut sites (Figure 5E, +I-Scel, siGL2). The signal from the serial ChIP
experiment decreased after MDC1 depletion, confirming the specificity of the first ChIP
with anti-MDC1 antibody. In addition bleomycin-induced ASF1a foci overlapped with
MDC1 foci (Figure 5F). Thus MDC1 helps recruit ASFla to DSBs.

Immunoprecipitation of untagged ASF1a also co-precipitated MDC1, but not phospho-ATM
(Figure 5G). Although the MDC1 immunoprecipitate contains phospho-ATM (Figure 4F),
the ASF1a immunoprecipitate, which contains MDC1, does not contain phospho-ATM
(Figure 5G, lane 3), suggesting that MDC1 may form independent complexes with ASFla
and p-ATM. Interestingly, the deletion of the FHA domain on MDCL1 decreased its
interaction with ASF1la (Figure 5H), suggesting that ASF1a, like phospho-ATM (Lou et al.,
2006), interacts with the FHA domain of MDC1. To examine the interaction kinetics of
MDC1 with ATM or ASFla upon DNA damage, we performed anti-HA-MDC1
immunoprecipitation assay at different time points after pulse-treatment of bleomycin
(Figure 51 and 5J). ASF1a interacts with MDC1 at early time points and the interaction
decreased as the ATM-MDC1 interaction increased after DNA damage (Figure 51 and 5J).
Thus ASF1a interacts with the FHA domain of MDC1 to facilitate the stable interaction of
phospho-ATM with MDC1 and is required for the subsequent phosphorylation of MDC1 by
ATM (Figure 4G), but is excluded from the phospho-ATM-MDC1 complex.

ASFlais required for RNF8, but not MDC1, recruitment at DSB

MDC1 phosphorylation by ATM promotes the recruitment of E3 ligases such as RNF8 and
RNF168 to the DSB through the MDC1-RNF8 interaction (reviewed in (Nakada, 2016)).
Therefore, we next asked whether ASF1a is required for the recruitment of MDC1, RNF8 or
RNF168 at DSBs (Figure 6). MDC1 is co-localized with RNF8 upon bleomycin treatment
(Figure S3). Knockout of ASFIadid not decrease bleomycin-induced MDC1 focus-
formation, but decreased the number of RNF8 foci in the nucleus (Figure 6A to 6C).
Furthermore, the MDC1-RNF8 interaction measured by co-immunoprecipitation from
bleomycin treated cells was diminished in ASF1a-/- cells (Figure 6D). Chromatin
immunoprecipitation assay (ChlP) of HeLa DR13-9 cells with a single 1-Scel cut site
showed the enrichment of RNF8, MDC1 and RNF168 at the DSB induced by I-Scel (Figure
6E to 61). Knockdown of ASFla diminished RNF8 and RNF168, but not MDC1,
recruitment at the 1-Scel cut site (Figure 6E to 6G). We confirmed that RNF8 recruitment,
but not MDC1 recruitment, depended on ASF1la in the ASFZ1aknockout cells (Figure 6H
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and 61). Therefore, ASF1a is required for the MDC1-RNF8 interaction at a step after MDC1
recruitment but before RNF8-RNF168 recruitment, consistent with its requirement for
MDC1 phosphorylation.

RNF8 recruitment was not decreased in ASF1b depleted cells, indicating that ASF1a is the
only ASF1 paralog required for the recruitment of RNF8 to the DSB (Figure S4A and S4B).
The E3 ligase RNF2/RING1B, which is responsible for H2A/X ubiquitination at lys119-120
during DNA Damage Repair (Pan et al., 2011; Wu et al., 2011), continued to be recruited to
the DSB in ASFla-depleted cells (Figure S4C), indicating that ASF1a, like MDCL, is
specifically required for the recruitment to DSBs of RNF8 and RNF168, but not RNF2/
RING1B.

Histone ubiquitination on H2A/X and formation of FK2 foci require a histone chaperone
independent function of ASFla

Since RNF8-RNF168 recruitment to the DSB is impaired by ASF1a deficiency, we expected
that ASF1a would be required for some specific types of histone ubiquitination at the DSB.
Bleomycin increases phosphorylation of H2AX at Ser-139 to form H2AX (Figure 4A) and
mono-ubiquitination of H2A/X as detected by the upshifted H2A or H2AX signal on
immunoblots (Figure 7A). Depletion or knockout of ASF1a down-regulated the mono-
ubiquitination of H2AX and of H2A (Figure 7A-C). Mono-ubiquitination of the histones
that is detected by the shifted band was restored by expression of siASFla-resistant ASFIa
gene (Figure 7B). However, H2A ubiquitination specifically on K119, carried out by RNF2/
RING1B, is not decreased by siASF1la (Figure S4D) or by knockout of ASF1a (Figure 7C).
A better known target of RNF8, H1.2 (Thorslund et al., 2015), also showed decrease in
ubiquitination in ASF1aknockout cells treated with bleomycin (Figure 7C). These results
suggest that ASF1a is required for RNF8-RNF168 dependent ubiquitination on histones
after DNA damage response. Consistent with this, bleomycin- or IR-induced FK2 foci, a
marker for the poly-ubiquitin chains at DSB, were also decreased upon ASFla knockdown
(Figure 7D-F). siRNF8 and siRNF168 were used to knockdown factors known to be
required for FK2 foci formation to provide a positive control for the experiment (Figure 7D
and 7E). Thus, our results indicate that ASF1a is required for ubiquitination of histones by
RNF8/RNF168 on specific sites at DSB sites, but not for PRC1 dependent ubiquitination of
H2A on K119.

Since, ASF1la has a role in chaperoning the H3-H4 heterodimer (Mello et al., 2002; Tyler et
al., 1999; Tyler et al., 2001), we examined whether the V94 residue of ASF1a, essential for
interacting with histones, was essential for histone-ubiquitination. Exogenous V94R mutant-
ASF1la and wt-ASF1a restored mono-ubiquitination and FK2 foci formation equally well
when expressed in cells depleted of endogenous ASF1la by siRNA (Figure 7G and 7H).
Furthermore expression of V94R mutant-ASF1la in ASF1aknockout cells suppressed HR,
promoted NHEJ and 53BP1 foci formation like wt-ASF1a (Figure S5A to S5C). In the ¢
H2AX disappearance assay shown in Figure 2G, the overexpression of V94R in ASFla
knockout cells restored the rapid disappearance of « H2AX as well as overexpression of wild
type ASF1la (Figure S5D). All these results indicate that V94R mutant of ASF1a has no
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defect in supporting NHEJ and, thus ASF1a promotes NHEJ at DSB independent of its
histone chaperone function.

ASF1la deletion is seen in a significant fraction of certain malignancies

The genomic region containing the ASFZagene, 6g22.31 is sometimes deleted in human
cancers (Braggio et al., 2012; Kim et al., 2007b; Sung et al., 2011). We analyzed copy-
number or sequencing data of cancer patients at CBioportal, to discover that homozygous
deletion of ASF1a, unlike ASF1b, is seen in a significant fraction of several common
malignancies, such as Diffuse Large B Cell Lymphoma (DLBCL), Skin Melanoma (SKCM),
Prostate adenocarcinoma (Prostate AdCa) and Pancreatic Adenocarcinoma (PancAdCa)
(Figure 71). Genes important for DSB repair, ASF1a, TP53BP1, RNF168, MDC1, NBN and
ATM, are inactivated in 27% of DLBCL and 15% of Prostate AdCa. ASFIadeletion is the
mode of repair inactivation in a large fraction of those patients (13% and 10%, respectively).
The high frequency of ASF1adeletion is comparable to, or exceeds, that of known master
genes of DSB repair like 7P53BP1 and ATM. It is interesting to note that in most cases
where a deletion in genes of this pathway are seen, there is exclusive deletion of only one
member of the pathway suggesting that the tumor may be selecting for the inactivation of
DSB repair by mutating at least one gene in the pathway. It is also important to note that the
related gene, ASF1b, is not deleted at anywhere near the frequency seen for ASFIa,
highlighting the difference between ASFla and ASF1b in DSB repair.

Given that ASFIadepletion renders cells more sensitive to radiation or to DSB-inducing
agents (Figure 1E and 1F), these results also suggest that molecular screening for ASF1a
deletion could become a biomarker for identifying patients who will benefit particularly

from radiotherapy or DSB-inducing chemotherapy.

Discussion

The initial recruitment of either 53BP1 or BRCA1-CtIP to DSBs is a major determinant in
selecting which pathway will resolve a DSB: HR or NHEJ (Bothmer et al., 2010; Bouwman
et al., 2010; Bunting et al., 2010; Difilippantonio et al., 2008; Dimitrova et al., 2008). Our
results surprisingly implicate a protein formerly thought to be only a histone chaperone,
ASF1a, in promoting NHEJ repair while limiting HR, by facilitating the recruitment of
53BP1 (and BRCA1-RAP80) at the expense of BRCAL-CtIP.

We also pinpoint the step where NHEJ is impaired in the absence of ASF1a. It is already
known that the recruitment of 53BP1 and of RAP8O0 is dependent on histone ubiquitination
by RNF8 and RNF168 (reviewed in (Nakada, 2016)). The novel finding here is that although
ATM phosphorylation of H2AX, Chk2 and NBS1, and MDC1 recruitment at DSBs does not
require ASF1a, the latter is required for phosphorylation of MDC1 on S/TQ sites by ATM
kinase. Phospho-MDCL1 is necessary for interaction with the FHA domain of RNF8 to
recruit the ubiquitin ligase to the DSB (Huen et al., 2007; Kolas et al., 2007). This explains
how ASF1a facilitates the recruitment of RNF8 and RNF168 to the DSB, the subsequent
ubiquitination of H2A/X, and the recruitment of 53BP1 and RAP80 to promote NHEJ.
Although we see a good correlation between restoration of 53BP1 focus formation and
NHEJ repair, there is report that suggests NHEJ, as measured in Class Switch
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Recombination may not require 53BP1 focus formation (Minter-Dykhouse et al., 2008).
Therefore we cannot exclude the possibility that ASF1a has additional functions in NHEJ
independent of 53BP1 focus formation.

The FHA domain of MDC1 has been suggested to interact with repair proteins such as
ATM, Chk2, MRN complex and Rad51 (Goldberg et al., 2003; Lou et al., 2006; Lou et al.,
2003b; So et al., 2009; Xu and Stern, 2003; Zhang et al., 2005a). The FHA domain of
MDC1 interacts with ATM and is important for the stabilization of activated ATM at DSBs.
The same FHA domain is also used for interaction with ASF1a, which has a role in
promoting ATM binding to MDC1. There is no tripartite complex composed of ASF1a,
MDC1 and ATM, and so the ASF1a-MDC1 interaction is necessary prior to the stable
binding of phospho-ATM with MDCL. In fact MDC1 separately interacts with ATM and
ASF1la upon DNA damage response. The initial binding of MDCL1 to ASF1a switches to
ATM within a few hours of DNA damage. This converse interaction of MDC1 towards ATM
and ASF1a is consistent with a model that there is a handoff of MDC1 from ASF1la to
phospho-ATM. Considering the interaction of the FHA domain on MDC1 with multiple
DDR factors, it is also possible that the ASF1a-MDC1 interaction is indirect and mediated
by other factors. Therefore it will be worthwhile to later explore how the binding of multiple
repair proteins like Chk2, MRN or Rad51 to the FHA domain of MDCL1 is controlled in a
spatial- and temporal manner by ASFla and conversely whether the interaction of these
proteins with MDC1 is necessary for the MDC1-ASF1a interaction.

Unlike yeast, higher eukaryotes possess two paralogs of ASF1, ASFla and ASF1b. The
ubiquitination of H2A/X, interaction with MDC1, NHEJ efficiency or DSB localization of
53BP1 does not require the residue essential for ASF1a's histone chaperone activity. The
independence from histone interaction is consistent with the observation that ASF1a's sister
histone chaperone, ASF1b, cannot support RNF8 recruitment or NHEJ when ASF1la is
absent. The histone chaperone activities of ASF1a and ASF1b derive from the conserved N-
terminal domain of the two proteins, while the C-terminal domain is not conserved. Thus the
DSB repair function that is unique to ASFla may be mediated by unique C-terminal region.
This difference in function of ASFla and ASF1b is supported by other reports showing
differences between the two paralogs. Unlike ASF1b, which is expressed primarily in
proliferating cells, ASF1a is expressed in proliferating and quiescent cells (Corpet et al.,
2011). ASF1a has specialized roles even as a histone chaperone: (a) it is the main donor to
the H3.3-H4 histone chaperone HIRA (Tagami et al., 2004; Tang et al., 2006; Zhang et al.,
2005b) and (b) ASF1a alone participates in H3 acetylation at Lys56 by CBP/p300 after DNA
damage (Battu et al., 2011; Das et al., 2009). It is interesting that depletion of ASF1a but not
ASF1b increased HR efficiency in an 1-Scel based gene conversion assay (Duro et al., 2010).
This, too, is consistent with our results, but the increase in HR could be because ASFla
depletion decreases NHEJ repair.

Recently, in a control experiment Li and Tyler found that human ASF1a did not affect the
kinetics of DSB repair when I-Ppol was used to induce a DSB (Li and Tyler, 2016) but this
could be due to incomplete depletion of ASF1a by shRNA. In our experiments, we
transfected siRNASs twice at 24 hr-interval to effect the maximum depletion of ASFla.
Indeed a single transfection of sSiRNA was insufficient to affect NHEJ (data not shown),
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presumably because residual ASF1a is sufficient for NHEJ. This is also why we generated
ASFI1aknockout cell lines by CRISPR/CAS system to confirm that ASF1a is required to
promote NHEJ and suppress HR (Figure 2).

Finally, the implication of ASFl1a in promoting NHEJ may be of clinical significance. As
shown in Fig. 71, the Cancer Genome Atlas project reports that 13% of Diffuse Large B Cell
Lymphoma, 3% of Skin Melanoma, 10% of Prostate adenocarcinoma and 8% of Pancreatic
Adenocarcinoma suffer homozygous deletion of ASFZagene. In addition, although there are
six genes in this pathway that are deleted in these cancers, it is interesting that the usually
only one gene in the pathway is deleted, suggesting that the tumors select for inactivation of
the pathway, which can be effected by deleting any one gene in the pathway. Our results
suggest that such cancers may be unable to complete NHEJ, leading to an increased
sensitivity to chemotherapy that causes DSBs and to radiotherapy. This is a subject that
needs to be carefully investigated because of the implication for personalized therapy of
tumors.
Star*Methods
Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ASFla Cell Signaling Cat#2990

ASF1b Cell Signaling Cat#2769

Phospho-S343-NBS1 Cell Signaling Cat#3001

Phospho-T68-Chk2 Cell Signaling Cat#2661

YH2AX (S139) Cell Signaling Cat#2577

H2AX Cell Signaling Cat#2595

Ubiquityl-H2A (K119) Cell Signaling Cat#8240

H2A Cell Signaling Cat#2578

HA Santa Cruz Cat#sc-805

Rad51 Santa Cruz Cat#sc-8349

BRCA1 Santa Cruz Cat#sc-6954

RNF8 Santa Cruz Cat#sc-271462

RNF168 Santa Cruz Cat#sc-101125

ATM Santa Cruz Cat#sc-7230

Chk2 Santa Cruz Cat#sc-9064

53BP1 Santa Cruz Cat#sc-22760

RPA70 Calbiochem Cat#NA13

MCM9 (Lee etal., 2015) N/A

53BP1 BD Biosciences Cat#6122522

RAP80 Bethyl Laboratories Cat#A300-763A

CtIP Novus Biological Cat#NB100-79810
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

NBS1 Novus Biological Cat#NB100-143
CAF1 (p60) Novus Biological Cat#NB100-57523
Anti-ubiquitinylated protein antibody (clone FK2) EMD Millipore Cat#04-263
Phospho-S1981-ATM Abcam Cat#ab81292
ATM Abcam Cat#ab78

H1.2 Abcam Cat#ab17677
H3 Abcam Cat#ab1791
MDC1 Abcam Cat#ab11171
MDC1 Abcam Cat#ab50003
RNF2/RING1B Abcam Cat#ah3832
FLAG Sigma Cat#F1804

Chemicals, Peptides, and Recombinant Proteins

Bleomycin Sulfate

Enzo Life Sciences

BML-AP302-0010

Cisplatin Sigma Cat#P4394

Lipofectamine RNAIMAX Transfection Reagent Invitrogen Cat#13778150

Lipofectamine 2000 Transfection Reagent Invitrogen Cat#11668019

QuickExract'™™ DNA Extraction Solution Epicentre Cat#QE0905T

Ez-View Red Anti-HA Affinity Beads Sigma Cat#E6779

Critical Commercial Assays

In-Fusion HD Cloning kit Takara Cat#638910

Deposited Data

Raw imaging data This paper http://dx.doi.org/10.17632/3tjvrx6nn9.1

Experimental Models: Cell Lines

NHEJ/DsRed293B (Golding et al., 2009; N/A
Mueller et al., 2013)
NHEJ/DsRed293B ASFIaknockout cell lines This paper N/A
NHEJ/DsRed293B ASFIaknockout cell lines stably This paper N/A
expressing ASF1la wildtype
NHEJ/DsRed293B ASFI1aknockout cell lines stably This paper N/A
expressing ASFla V94R mutant
HelLa DR13-9 (Ransburgh et al., 2010) N/A
HelLa DR13-9 ASFIaknockout cell lines This paper N/A
HEK 293T ATCC CRL-3216
U208 ATCC HTB-96
U20S stably expressing ASFla wildtype This paper N/A
U20S stably expressing ASFla V94R This paper N/A
U20S pCW-ASF1a (TetOn) This paper N/A
Oligonucleotides
SiASF1a-147, 5"-AAGUGAAGAAUACGAUCAAGU-3’ (Groth et al., 2005) N/A
SiASF1a-355, 5" -GAGACAGAAUUAAGGGAAA-3’ (Groth et al., 2007) N/A
SiASF1b, 5"-AACAACGAGUACCUCAACCCU-3’ (Das et al., 2009) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
siBRCAL, 5'-CCUGUCUCCACAAAGUGUG-3’ (Zhu and Dutta, 2006) N/A
si53BP1, 5-GCCAGGUUCUAGAGGAUGA-3’ (Wang et al., 2002) N/A
siRNF8, 5'-GGAGAUAGCCCAAGGAGAA-3’ (Nakada et al., 2012) N/A
siRNF168, 5'-GGCGAAGAGCGAUGGAGGA-3’ (Mosbech et al.) N/A
siMDC1, 5"-UCCAGUGAAUCCUUGAGGU-3’ (Lou et al., 2003a) N/A
hASFlatargeting gRNA3 (CTAATTACTTGTACCTATCG This paper N/A
AGG)

hASFlatargeting gRNA5 (TTACCTAGAACCATCAGTT This paper N/A
GAGG)

PCR primers to validate ASFIaKO: forward, AGTCATG This paper N/A
CTTTCAAGTATCAAGGGTCC; reverse, GTCTGGTTTT

ACTGGTGGATTTTCCC

gPCR primers for ChlIP (I-Scel cut site: forward, TACGG (Lee et al., 2015) N/A
CAAGCTGACCCTGAA, reverse, GAAGTCGTGCTGCT

TCATGT), (2 kb upstream of cut site (control): forward,

GCCCATATATGG AGTTCCGC; reverse,

CCCTATTGGCGTTACTATGG)

Primers for siASFla-147-resistant ASFla: forward, GTG This paper N/A
GGCTCTGCAGAAAGCGAAGAATATGATCAAGTTTTA

GACTC; reverse, GAGTCTAAAACTTGATCATATTCTTC

GCTTTCTGCAGAGCCCAC

Primers for ASFla V94R mutantion: forward, GATGCAG This paper N/A
TAGGCGTAACTAGGGTGCTAATTACTTGTACC;

reverse, GGTACAAGTAATTAGCACCCTAGTTACGCCT

ACTGCATC

Recombinant DNA

HA-ASFla WT (siASFla-147 resistant) This paper N/A
HA-ASF1la V94R (siASFla-147 resistant) This paper N/A
FLAG-RNF8 This paper N/A
Untagged ASFla WT (siASF1a-147 resistant) This paper N/A
Untagged ASFla V4R (siASF1a-147 resistant) This paper N/A
HA-MDC1 WT (Wu et al., 2008) N/A
HA-MDC1 AFHA (Wu et al., 2008) N/A
pCpASce (I-Scel) Addgene Cat#26477
ASF1a gene targeting gRNA This paper N/A
Cas9 nuclease Addgene Cat#41815 N/A
pLKO.1-blast This paper N/A
Software and Algorithms

ZEN 2 (blue edition) Zeiss, N/A
Photoshop 7.0 Adobe N/A
ImageJ NIH N/A
CellQuest™ Pro BD Biosciences N/A
Flowing software Ver. 2.5 http://flowingsoftwar e.btk.fi/ | N/A
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Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Anindya Dutta (ad8q@virginia.edu).

Experimental Model and Subject Details

Cell culture

U20S, NHEJ/DsRed293B, HeLa DR13-9 and HEK293T were maintained in Dulbecco's
modified Eagle's medium (Thermo Scientific) containing 10% fetal bovine serum (FBS;
Sigma-Aldrich) and penicillin/streptomycin (1%, Gibco) at 37°C. NHEJ/DsRed293B cells
were obtained from the Dr. J. Larner (University of Virginia) and K Valerie (Virginia
Commonwealth University), and HeLa DR13-9 cells were a gift from JD Parvin (Ohio State
University).

Method Details

Generation of stable expressing cell lines or knockout cell lines of ASFla

To generate a cell line stably expressing siRNA-resistant ASF1a wild type or V94R mutant,
the corresponding genes were inserted into retroviral vector pLHCX (Clontech), which were
cotransfected with retroviral packaging vector into HEK293T cells using Lipofectamin 2000
(Invitrogen) according to the manufacturer's instruction. The supernatant of the culture
medium was filtered by a 0.45-um filter, and added to U20S or NHEJ/DsRed293B (either
wild type or ASF1aKO). The infected cells were selected by the medium containing 200
ugml- hygromycin B (Sigma-Aldrich) over 7 days. Alternatively, ASFZa gene was inserted
into a doxycycline inducible lentiviral vector pCW, and U20S cell lines generated by
lentiviral infection followed by puromycin selection. 1 pgml-! doxycycline was added to
express the ASF1a protein for 48 hr.

gRNAs were cloned into pCR-Blunt 11-TOPO backbone vector, gRNF_GFP-T2 (Addgene
41820) using In-Fusion HD cloning kit (Takara). gRNA target sequences were as follows.
gRNA3: CTAATTACTTGTACCTATCGAGG gRNAS:
TTACCTAGAACCATCAGTTGAGG. Human codon optimized Cas9 nuclease (hCas9)
expression vector was obtained from Addgene (41815). Cell culture 293T cells were co-
transfected with Cas9, two gRNAs, and vector containing blasticidin-S resistance gene
(pLKO.1-blast) using Lipofectamine 2000 according to the manufacturer's protocol. pLKO.
1-blast was cloned using pLKO.1-puro vector (Addgene 8453). Blasticidin S was added 2
days after transfection until untransfected cells were killed. Blasticidin S selected cells were
diluted and plated into 96 well plates for single cell clone isolation. Genomic DNA from
each single cell clone was obtained by the QuickExtract™ DNA Extraction Solution
(Epicentre) and subjected to conventional PCR using the primers, forward, 5’-
AGTCATGCTTTCAAGTATCAAGGGTCC-3’, and reverse, 5'-
GTCTGGTTTTACTGGTGGATTTTCCC-3" to check the genomic deletion. Together with
this, the immunablot for anti-ASF1a was performed to verify absence of the ASF1a protein.
Cell cycle distribution of HeLa DR13-9 wild type or ASF1a KO cells in figure S1D was
analyzed using a BD FACS Calibur and Flowing software (ver. 2.5).
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NHEJ and HR assays

For NHEJ assay, 2 or 4 ug 1-Scel expression vector pCpASce was transfected using
Lipofectamine2000 (Invitrogen) into either siRNA-transfected or ASFZaknockout NHEJ/
DsRed293B cells plated on 6 well dish at 50% confluency. For HR assay, 2 ug pCpASce
was transfected into HeLa DR13-9 wild type or ASF1a KO cell lines. After 48 hr, the
DsRed- and GFP-expressing cells were counted by the FL2 and FL1 channels in flow
cytometric analysis (BD FACS Calibur and CellQuest™ Pro), respectively. The efficiency
was calculated by normalizing the DsRed or GFP positive cells (%) to that of the siGL2
transfected or ASFZawild type cell line also transfected with pCBASce. The DsRed signal
in each knockout cell line untransfected with I-Scel was taken as background. H2AX
disappearance after pulse-treatment of bleomycin was monitored to examine endogenous
NHEJ efficiency. 293B wild type or ASF1a KO cells were incubated with 10 pgml-2
bleomycin for 1 hr followed by washing out, then harvested at different time points. Whole
cell extracts were used for western blotting.

Immunoprecipitation, immunoblotting and antibodies

For immunoprecipitation, HEK293T or NHEJ/DsRed293B cells were lysed by lysis buffer
containing 20 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5 mM EDTA, 0.5 mM
EGTA, 5 mM MgCl,, 10 mM NaF, 0.1 mM sodium vanadate, and protease inhibitors. After
brief sonication followed by centrifugation at 15,000 rpm for 30 min, 1-2 mg of lysates were
incubated with the indicated antibodies or 8 pl of EZview Red Anti-HA Affinity beads
(E6779; Sigma) for 5 hr or overnight. The immuno-complex by was pulled down with
protein A-conjugated agarose beads (GE healthcare). The beads were washed 5 times with
the lysis buffer. For the interaction of HA-MDC1 with pS1981-ATM, a plasmid expressing
HA-MDC1 was transfected in HEK293T cells with either control siRNA (siGL2) or
siASF1a-147 followed by bleomycin treatment for 14 hr. For the interaction of HA-ASFla
with MDC1, IP was performed with anti-HA antibody from undamaged HEK293T
expressing HA-ASF1a.For the interaction of HA-MDC1 with ATM and ASF1la in Fig. 5l
and 5J, HA-MDC1 transfected HEK293T cells were harvested at indicated time points after
pulse-treatment of 10 pgml-1 bleomycin for 1 hr, then immunoprecipitated with anti-HA
antibody. The IPed protein amount was measured by imageJ software and normalized to
pull-downed HA-MDC1 at each time point. For immunoblotting, total cell extract was
subjected to SDS-polyacrylamide gel electrophoresis. Bleomycin or cisplatin was usually
added for 14 hr before cell harvest, except where indicated. Antibodies for this study were as
follows: anti-ASF1a (2990S), anti-ASF1b (2769S), anti-pS343-NBS1 (3001S), anti-pT68-
Chk2 (2661S) anti-y-H2AX (S139) (2577S), anti-H2AX (2595S), anti-Ubiquityl-H2A
(K119)-H2A (8240S) and anti-H2A (2578S) (Cell Signaling Technology); anti-HA (sc-805),
anti-Rad51 (sc-8349), anti-BRCAL (sc-6954), anti-RNF8 (sc-271462), anti-RNF168
(sc-101125), anti-ATM (sc-7230), anti-Chk?2 (sc-9064) and anti-53BP1 (sc-22760) (Santa
Cruz Biotechnology); anti-RPA70 (NA13; Calbiochem); anti-MCM9 (home-made; raised in
rabbits against the C-terminal 100 a.a of human MCM9 protein); anti-53BP1 (6122522; BD
Biosciences); anti-RAP80 (A300-763A; Bethyl laboratories); anti-CtIP (NB100-79810),
anti-NBS1 (NB100-143) and anti-CAF-1 (p60) (NB100-57523) (Novus Biological); anti-
ubiquitinylated proteins antibody, clone FK2 (04-263) (EMD Millipore); anti-pS1981-ATM
(ab81292), anti-ATM (ab78), anti-H1.2 (ab17677), anti-H3 (ab1791), anti-MDC1
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(ab11171), anti-MDC1 (ab50003) and anti-RNF2/RING1B (ab3832) (Abcam); anti-FLAG
(F1804; Sigma).

siRNAs and mutagenesis

The sequences of the siRNAs used in this paper are as follows: siASFl1a-147,5’-
AAGUGAAGAAUACGAUCAAGU-3"; siASF1a-355, 5'-
GAGACAGAAUUAAGGGAAA-3’; siASF1b, 5'-AACAACGAGUACCUCAACCCU-3;
siBRCAL, 5"-CCUGUCUCCACAAAGUGUG-3’; si53BP1, 5'-
GCCAGGUUCUAGAGGAUGA-3’; siRNF8, 5 -GGAGAUAGCCCAAGGAGAA-3’;
siRNF168, 5'-GGCGAAGAGCGAUGGAGGA-3’; siMDC1, 5’-
UCCAGUGAAUCCUUGAGGU-3’. Each siRNA was transfected into the cells by
Lipofectamine RNAiI MAX (Invitrogen). siRNAs for ASFla depletion were transfected
twice at a 24 hr-interval to maximize the knockdown efficiency.

siRNA-resistant WT or V94R mutant ASF1a was made using the following primers:
siASF1a-147 resistant, forward, 5’-
GTGGGCTCTGCAGAAAGCGAAGAATATGATCAAGTTTTAGACTC-3" and, reverse,

5 -GAGTCTAAAACTTGATCATATTCTTCGCTTTCTGCAGAGCCCAC-3’; VI4R,
forward, 5"-GATGCAGTAGGCGTAACTAGGGTGCTAATTACTTGTACC-3 and, reverse,
5 -GGTACAAGTAATTAGCACCCTAGTTACGCCTACTGCATC-3'.

Cell survival assay

The clonogenic assay for cell viability was performed using siASFla-transfected U20S
cells. After 2nd transfection of siRNA at second day, 2000 cells were plated on 6 well
dishes. After 48 hr from 1st transfection of siASF1a, the indicated amount of bleomycin was
incubated with cells for 24 hr, or cells were irradiated with 2 Gy of ionizing radiation (IR).
Cell viability was measured by staining with crystal violet at 7 days from the treatment.

Immunofluorescence

The immunofluorescence was performed as previously described (Lee et al., 2015). U20S
or HeLa DR13-9 cells were grown on coverslips, washed with PBS twice, and fixed with 4%
paraformaldehyde with 0.1 % Triton X-100 for 10 min. 0.5% Triton X-100 containing PBS
was used to permeabilize the fixed cells followed by blocking with 10% FBS in PBST (0.1%
Triton X-100 in PBS) overnight at 4°C. Endogenous protein was labeled with the primary
antibodies for 2h, then incubated with Alexa Fluor 555 anti-rabbit (A21429; Life
Technologies) or Alexa Fluor 488 anti-mouse (A11029; Life Technologies) immunoglobulin
G secondary antibody in the same blocking buffer for 40 min at room temperature. The
nuclei of cells were stained with 4", 6”-diamidino-2-phenylindole (Vector Laboratories, Inc)
and the stained cells were imaged by Zeiss AXIO observer A-1 equipped with Zeiss EC
Plan-Apochromax 63X/1.4 oil and Zeiss AXIOCAM MRC. Acquired images were analyzed
using Axiovision software and brightness and contrast of obtained images were adjusted
using ZEN 2 (Zeiss, blue edition) and Photoshop 7.0 (Adobe). For colocalization of ASFla
and MDC1 foci, we used U20S stable cells having the doxycycline inducible lentiviral
ASF1la to overexpress ASF1la protein by treatment of 1 pgml-t doxycycline for 48 hr.
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Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed as previously described with slight modifications (Negishi et
al., 2010). HeLa DR13-9 cells were fixed with 1% formaldehyde for 20 minutes at RT
followed by additional incubation with 0.125 M Glycine for 5 minutes. The cells were
washed with PBS and lysed by SDS lysis buffer (50 mM Tris-HCI (pH 8.0), 10 mM EDTA
(pH 8.0), 0.1% SDS and protease inhibitor cocktail (Roche)) on ice for 15 min followed by
sonication (30 s-on / 30 s-off, 8 times at 10% amplitude) using Sonic Dismembrator model
500 (Fisher Scientific)). Lysates were diluted (1:10) using dilution buffer (50 mM Tris-HCI
(pH 8.0), 150 mM NacCl, 1% Triton X-100, 0.1% SDS and protease inhibitor cocktail
(Roche)) and incubated overnight with Protein G conjugated Dynabeads (Invitrogen), which
were bound with indicated antibodies. The beads were sequentially washed with RIPA-150
(50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS and
0.1% sodium deoxycholate), LiCl buffer (10 mM Tris-HCI (pH 8.0), 0.15 M LiCl, 1 mM
EDTA, 0.5% NP-40, 0.5% sodium deoxycholate) and Tris-EDTA (TE) buffer and the beads
were incubated in elution buffer (10 mM Tris-HCI (pH 8.0), 300 mM NaCl, 5 mM EDTA,
and 0.5% SDS) at 65°C overnight. The DNA recovered by phenol:chloroform extraction was
analyzed by qPCR using ABI 7300 real time PCR system (Applied Biosystems). Primer
sequences used for gPCR were as follows: I-Scel cut site (F1, 5'-
TACGGCAAGCTGACCCTGAA-3"; R1, 5"-GAAGTCGTGCTGCTTCATGT-3") and 2 kb
upstream of cut site (control) (F2, 5'-GCCCATATATGGAGTTCCGC-3"; R2, 5'-
CCCTATTGGCGTTACTATGG-3"). The relative enrichment of each protein at 1-Scel cut
site was calculated by fold signal at I-Scel cut site relative to control site 2 kb upstream of
cut site in each sample. For ChlIP-reChlP, the beads from 1st immunoprecipitation were
washed and incubated for 30 min at 37°C in resuspension buffer (10 mM DTT in TE). The
supernatant was diluted 10 times with dilution buffer and mixed with the beads conjugated
with next antibody overnight.

Homozygous deletion of ASFla gene in cancers

Copy-number variation or sequencing data collated in Chioportal (http://cbioportal.org) was
analyzed to look for homozygous deletions in the indicated genes of DSB repair pathway,
with ASF1B as a negative control.

Quantification and Statistical Analysis

In all the statistical analyse with a p value, students' t test was used. In each case, * and ***
stands for p < 0.05 and p < 0.005, respectively. All the error bars used in the figures were
obtained from three independent experiments as indicated in the relevant legends, and data
were represented as mean + standard deviation (SD).

Data and Software Availability

The raw data files for images are available at Mendeley (http://dx.doi.org/
10.17632/3tjvrx6nn9.1).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

-ASF1a, which can be homozygously deleted in cancers, promotes NHEJ and
suppresses HR

-ASF1a interacts with MDCL1 to facilitate the latter's interaction with activated
ATM

-ASF1a thus promotes phosphorylation of MDC1 and the recruitment of RNF8 to
DSBs

-ASF1a is essential for histone ubiquitination and 53BP1 recruitment at DSB and
NHEJ
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Figure 1. ASFla is required for NHEJ and resistance to DSBs
(A) Immunoblots of the NHEJ/DsRed293B lysates transfected with two different ASFla

targeting siRNAs, 48 hr after transfection of HA-1-Scel plasmids. HA-1-Scel was detected
by anti-HA antibody. (B) ASFla knockdown reduces NHEJ efficiency. NHEJ efficiency is
measured as described in the METHOD DETAILS and represented as mean + S.D. of
triplicates. ***, P< 0.005; *, P< 0.05. (C) ASF1la overexpression increases NHEJ efficiency.
293B having stable overexpression (o/e) of ASFla was compared with wild-type 293B for
ASF1la expression level in the immunoblot (top) and NHEJ efficiency (bottom). Mean £
S.D. from triplicate measurements. (D) Rescue of NHEJ in siASFla-transfected 293B cells
by expression of siRNA-resistant ASFla. Empty (+EV) or ASF1la expressing vector
resistant to siASFla (+ASF1a) was co-transfected with HA-I-Scel. Immunoblots (top) and
quantitation of NHEJ efficiency (bottom). Mean + S.D. of triplicates. (E) Depletion of
ASF1a renders cells sensitive to ionizing radiation (IR). Cell viability was quantified and
presented as mean £ S.D. from triplicate measurements (lower panel). Representative
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images (upper panel). (F) Dose-dependent sensitivity to bleomycin of ASF1a depleted cells.
The indicated dose of bleomycin was treated for 24 hr after 48 hr from first sSiRNA
transfection. Mean + S.D. from triplicates.
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Figure 2. Knockout of ASF1a reduces NHEJ and promotes HR
(A) A schematic of the targeting strategy for ASFZaknockout in 293B or HeLa DR13-9

cells using the CRSPR/CAS9 system. The sgRNAs targeting the ASFZagene (top) and the
region interrogated to identify the deletion (bottom) are shown. (B) A representative image
of the PCR product from the 293B clones: Wild type and BA123 (with a homozygous
deletion of the ASF1agene). (C) A western blot showing ASF1a protein level in 293B wild-
type and ASFIanull clones. (D) Knocking-out ASFIasuppresses NHEJ efficiency. The
percentage of DsRed-positive cells in each cell-line was normalized to that of wild-type cells
transfected with HA-I-Scel. Mean + S.D. from triplicates. (E and F) ASF1a expression in
ASF1aknockout cells rescues NHEJ efficiency. ASF1a was stably expressed in ASFIa
knockout cell lines using retroviral infection. Immunaoblots of those lysates (E) and NHEJ
assay (F). Mean + S.D. from triplicates. (G) Decrease of yH2AX after DSB is slowed in
ASF1aknockout cells. The ratio of yH2AX to RPA70 signal was quantitated at each time
point and normalized to the ratio at the O hr point. See also Figure S1A. (H) Representative
image of PCR on genomic DNA from HeLa DR13-9 clones: wild type and 35D9. (1) A
western blot showing ASF1la protein level in wild-type and ASFZanull clones of HelLa
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DR13-9. (J) Knocking-out ASFIapromotes HR repair. HR was measured as described in
the METHOD DETAILS. Mean + S.D. from triplicates. See also Figure S1B to S1D.
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Figure 3. ASF1a is required for the recruitment of 53BP1 and RAP80 at DSBs
(A to C) Decrease of 53BP1 foci upon depletion of ASFl1a in U20S cells or in ASF1a-/-

cells after treatment with bleomycin for 1 hr before fixation. Representative images (A) and
quantitation (B and C). Cells with >20 foci of 53BP1 were counted. Scale bar, 10 um. Mean
+ S.D. of triplicates. ***, P < 0.005. Scale bar, 10 pm. See also Figure S2. (D) Rescue of
53BP1 foci in ASFla-depleted U20S cells by siRNA-resistant ASF1a. Representative
images (top) and Mean + S.D. of triplicates. ***, P< 0.005; *, P< 0.05 (bottom). (E and F)
No change of BRCAL foci upon depletion of ASFla. Representative images (E) and
quantitation (F). (G) RAP80 foci are decreased in ASF1a depleted U20S cells. (H) CtIP
foci are increased in ASFla depleted U20S cells. The quantitations in (F-G) is the same as
in (B), and cells having over 5 foci of CtIP were counted in (H).
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Figure 4. ASFla promotes the localization of ATM and phosphorylation of MDCL1 at DSB by
facilitating the ATM-MDCL interaction

(A) Immunoblots with indicated antibodies show no decrease in DNA damage induced
autophosphorylation of ATM or in ATM phosphorylation of NBS1, Chk2 and H2AX after
depletion of ASFla. (B and C) Decreased pS1981-ATM foci after depletion of ASFla.
Representative images of immunostaining (B) and quantification of foci-positive cells (C).
Scale bar, 10 pm. Mean + S.D. of triplicates. ***, P < 0.005. (D) siRNA-resistant ASF1la
rescues pS1981-ATM foci-formation. Representative images (top) and quantification of cells
>10 pS1981-ATM foci (bottom). Mean * S.D. of triplicates. (E) A rapid disappearance of
pS1981-ATM foci-formation upon ASFIaknockout. The cells having >5 pS1981-ATM foci
in wild type or ASFIa-/- HeLa DR13-9 were counted as positive cells at indicated time
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points after pulse-treatment of 40 ugml-1 bleomycin for 20 min. Mean + S.D. of triplicates.
*, P <0.05; ***, P <0.005. (F) Defective interaction of MDC1 with phospho-ATM after
ASF1la knockdown. (G and H) ASF1a is required for ATM phosphorylation on MDCL1.
HEK?293T cells transfected with indicated siRNAs (G), 293B wild type and ASFIa-/- cells
(H) were transfected by HA-MDC1 plasmid and DMSO, bleomycin or cisplatin was added
for 14 hr before harvest.
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Figure 5. ASF1a interacts with MDC1, and the FHA domain of MDC1 is required for ASF1la
localization to DSBs

(A) HA-ASF1a precipitates contain endogenous MDC1. Immunoblots of
immunoprecipitates or input lysate. (B) Histone binding by ASF1a not required for the
interaction with MDC1. Wild-type or Val94Arg mutant of HA-ASF1a was
immunoprecipitated with anti-HA antibody. (C) MDCL is required for ASF1a localization at
I-Scel cut site. ChIP assay was performed as described in the METHOD DETAILS. (D)
MDC1 dependent association of ASFla with chromatin after DNA damage. U20S cells
treated with bleomycin for 1 hr followed by pre-extraction, to remove soluble proteins, were
fixed and immunostained. Scale bar, 10 um. (E) Co-localization of MDC1 and ASFlato I-
Scel cut site. The eluate from anti-MDC1 ChIP was applied to an anti-ASF1a ChlIP. (F) Co-
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localization of ASFla- and MDC1-foci at DSBs. (G) Untagged ASF1a co-
immunoprecipitates MDC1 but not phospho-ATM. (H) ASF1a-MDC1 interaction needs the
FHA domain of MDC1. HA-MDC1 wild type or FHA deletion mutant (A55-124 a.a.) was
overexpressed in HEK293T cells followed by bleomycin treatment for 14 hr. (I and J)
MDC1 interaction with ASF1a decreases as its interaction with ATM increases after DNA
damage. The immunoblots with indicated antibodies (1) and quantification of co-precipitated
ATM or ASF1la with HA-MDC1 after pulse-treatment of bleomycin (J).
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Figure 6. ASF1a is required for RNF8, but not MDC1, recruitment at DSBs
(A to C) Decrease of bleomycin-induced RNF8 foci, but not MDCL1 foci in ASFIaknockout

cells. HeLa DR13-9 wild type or ASF1a-/- cells were incubated with 20 pgml-1 bleomycin
for 40 min followed by fixation. Representative images of immunostaining with indicated
antibodies (A and B), and quantification of cells with >5 foci of RNF8 or MDC1 (C). See
colocalization of RNF8 and MDCL1 foci in Figure S3. Scale bar, 10 pm. Mean + S.D. of
triplicates. ***, P < 0.005. (D) Decreased interaction of MDC1 with RNF8 after DNA
damage in ASFIaknockout cells. Plasmid expressing Flag-RNF8 was transfected in 293B
wild type and ASF1a-/- cells followed by bleomycin treatment before harvest. Asterisk
indicates immunoglobulin heavy chain. (E to 1) ASF1a is required for RNF8/168
localization, not MDC1, at I-Scel cut site. HeLa DR13-9 cells transfected with indicated
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siRNAs (E to G), wild type and ASFIa-/- cells (H and 1) were applied to ChIP assay using
anti-RNF8 (E and H), -MDC1 (F and I) and -RNF168 (G) antibodies. Mean + SD of
triplicates. ***, P < 0.005; *, P< 0.05.
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Figure 7. DSB-dependent ubiquitination on histones and FK2 focus formation require ASFla
(A) DSB-induced H2A or H2AX mono-ubiquitination is dependent on ASFla. HEK293T

cells were transfected with indicated siRNAs and treated with bleomycin. (B) Expression of
siRNA-resistant ASF1a restores yH2AX mono-ubiquitination in cells depleted of
endogenous ASF1la. Indicated siRNAs were transfected into either wild type U20S or U20S
cells with stable overexpression of siRNA-resistant ASF1a. (C) Decrease of RNF8/168-
dependent ubiquitination of H1.2, H2A and yH2AX, but not PRC1 dependent ubiquitination
of H2A K119, in ASFIaknockout cells. HeLa DR13-9 wild type or ASF1a-/- cells were
incubated with 20 pgml-1 bleomycin for 80 min. (D, E and F) Immunostaining with anti-
FK2 antibody in ASF1a depleted cells. U20S cells were transfected with indicated siRNA
and immunostained following treatment with 5 pgml-! bleomycin for 1 hr (D and E) or at 90

Mol Cell. Author manuscript; available in PMC 2018 October 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal.

Page 35

min post-IR (2 Gy) (F). Representative images (D and F) and quantification of (D) in (E).
Mean + SD of triplicates. ***, P < 0.005. (G) Rescue of mono-ubiquitination of H2AX by
wild-type or Val94Arg mutant ASFla in ASFla-depleted U20S cells. (H) Rescue of FK2
foci by wild-type or Val94Arg mutant ASFla in ASFla-depleted U20S cells. Indicated
siRNAs were transfected into either wild type U20S or U20S cells with stable
overexpression of siRNA-resistant ASF1a wild type or V94R mutant. Cells were
immunostained after treatment of 10 ugml-! bleomycin for 1 hr. Mean + SD of triplicates.
See also Figure S5. (1) High frequency of homozygous deletion of ASFZagene in cancers.
Chioportal (http://cbioportal.org) was analyzed and each blue or gray bar represents a patient
with or without a homozygous deletion in the indicated gene, respectively. To save space a
large number of gray bars were omitted from the rows in SKCM, Prostate AdCa and
PancAdCa. The number of patients whose tumors had homozygous deletion of at least one
of these repair genes (excluding ASF1B) is shown below in each cancer.
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