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SUMMARY

While maintaining the integrity of the genome and sustaining bioenergetics are both fundamental
functions of the cell, potential crosstalk between metabolic and DNA repair pathways is poorly
understood. Since histone acetylation plays important roles in DNA repair and is sensitive to the
availability of acetyl-CoA, we investigated a role for metabolic regulation of histone acetylation
during the DNA damage response. In this study, we report that nuclear ATP-citrate lyase (ACLY)
is phosphorylated at S455 downstream of ATM and AKT following DNA damage. ACLY
facilitates histone acetylation at double strand break (DSB) sites, impairing 53BP1 localization
and enabling BRCA1 recruitment and DNA repair by homologous recombination. ACLY
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phosphorylation and nuclear localization are necessary for its role in promoting BRCA1
recruitment. Upon PARP inhibition, ACLY silencing promotes genomic instability and cell death.
Thus, the spatial and temporal control of acetyl-CoA production by ACLY participates in the
mechanism of DNA repair pathway choice.

eTOC BLURB

Sivanand et al. demonstrate that ACLY is phosphorylated at S455 within the nucleus following
DNA damage in a cell cycle-dependent manner. ACLY promotes histone acetylation near double
strand breaks and facilitates BRCA1 recruitment and homologous recombination. ACLY
phosphorylation and nuclear localization are required for its role in regulating BRCA1
recruitment.
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INTRODUCTION

Metabolic reprogramming and genomic instability are considered hallmark features of
cancer cells (Hanahan and Weinberg, 2011). Nutrient uptake and utilization are altered in
cancer cells in response to oncogenic signaling to promote macromolecular biosynthesis,
survival, growth, and proliferation (DeBerardinis and Chandel, 2016; Pavlova and
Thompson, 2016). DNA damage also stimulates extensive signaling responses, which direct
repair of lesions or, if damage is too extensive, induce cell death (Ciccia and Elledge, 2010;
Jackson and Bartek, 2009; Lazzerini-Denchi and Sfeir, 2016). Although the impact of DNA
damage signaling on cell metabolism has been less extensively studied than that of growth
factor- or oncogene-induced signaling, it is nevertheless clear that metabolism plays key
roles in facilitating DNA repair. Specifically, the kinase ataxia telangiectasia mutated (ATM)
promotes pentose phosphate pathway (PPP) flux in response to DNA damage, stimulating
biosynthesis of nucleotides needed for repair (Cosentino et al., 2011). Conversely,
phosphoinositide 3-kinase (P13K) inhibition suppresses the non-oxidative arm of the PPP,
resulting in low nucleotide levels and accumulation of DNA damage (Juvekar et al., 2016).
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Chemotherapy treatment also activates the de novo pyrimidine synthesis pathway, and
inhibiting pyrimidine synthesis improves chemotherapeutic efficacy in triple negative breast
cancer xenograft tumors (Brown et al., 2017). In addition to effects on nucleotide synthesis,
DNA damage signaling also suppresses glutamine metabolism, triggering cell cycle arrest to
enable repair (Jeong et al., 2013).

Accurate repair of DNA damage is critical for maintaining genomic integrity. If repaired
incorrectly, double strand breaks (DSBs) can either be cytotoxic or pro-tumorigenic by
promoting genomic instability due to loss of genetic material or chromosomal
rearrangements. DSBs are repaired through two main pathways, homologous recombination
(HR), which is preferentially used during S and G2 phases of the cell cycle when a sister
chromatid is available as a template, and non-homologous end joining (NHEJ), which
directly ligates the broken DNA ends and can be employed throughout the cell cycle. Breast
cancer early onset 1 (BRCAL) and p53 binding protein 1 (53BP1) are key upstream factors
that determine DNA repair pathway choice, and these factors mutually inhibit one another’s
binding at nucleosomes flanking DSB sites (Aly and Ganesan, 2011; Panier and Boulton,
2014; Zimmermann and de Lange, 2014). 53BP1 is a nucleosome binding protein that
promotes NHEJ by inhibiting DNA end-resection. HR is initiated following extensive 5’ to
3’ end-resection at damage sites by the Mrel1-Rad50-Nbs1 (MRN) complex and CtIP,
which promotes Rad51 dependent strand invasion and homology-search. Regulation of end
resection and delivery of Rad51 is critically regulated by cell cycle dependent
phosphorylation and ubiquitylation, as well as by competition for binding to damaged
chromatin between BRCAL and 53BP1 (Bunting et al., 2010; Escribano-Diaz et al., 2013;
Huertas et al., 2008; Huertas and Jackson, 2009; Hustedt and Durocher, 2016; Ira et al.,
2004; Orthwein et al., 2015).

Chromatin modifications (acetylation, methylation, phosphorylation, and ubiquitination) are
integral factors in mediating efficient and effective DNA repair. Histone acetylation is
involved in allowing repair machinery access to DSB sites and in the recruitment of specific
repair proteins (Gong and Miller, 2013). DNA damage stimulates dynamic regulation of
acetylation of multiple histone lysines, including histone H3 lysine 9 (H3K9) and lysine 56
(H3K56) (Tjeertes et al., 2009), H4 lysine 16 (H4K16) (Hsiao and Mizzen, 2013; Tang et
al., 2013), and H2A(X) lysine 15 (H2AK15) (Jacquet et al., 2016). 53BP1 is recruited to
DSB sites by binding to two chromatin modifications, H4K20me2 and H2AK15Ub; TIP60-
dependent histone acetylation limits persistent 53BP1 DSB localization, enabling
recruitment of BRCAL (Clarke et al., 2017; Fradet-Turcotte et al., 2013; Hsiao and Mizzen,
2013; Jacquet et al., 2016; Tang et al., 2013). Thus, dynamic histone acetylation impacts
recruitment of DNA repair proteins and the choice between HR and NHEJ in response to
DSBs.

Numerous studies have demonstrated that histone acetylation is sensitive to the availability
of the acetyl-group donor, acetyl-CoA (Cai and Tu, 2011; Etchegaray and Mostoslavsky,
2016; Kinnaird et al., 2016; Pietrocola et al., 2015). ATP-citrate lyase (ACLY), a nuclear-
cytosolic enzyme that generates acetyl-CoA from citrate, plays an important role in
determining overall levels of histone acetylation in mammalian cells (Wellen et al., 2009;
Zhao et al., 2016). AKT-mediated phosphorylation of ACLY promotes histone acetylation in
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both cancer and immune cells in response to oncogenic and cytokine-induced signaling
(Covarrubias et al., 2016; Lee et al., 2014; Osinalde et al., 2016). AKT is also activated in
response to DNA damage (Bozulic et al., 2008; Fraser et al., 2011; Viniegra et al., 2005),
although a role for ACLY downstream of AKT in the DNA damage response has not been
previously reported.

In this study, we present evidence that ACLY participates in histone acetylation dynamics in
response to DNA damage and promotes DSB repair by HR. Nuclear ACLY is
phosphorylated at serine 455 (S455) upon exposure to ionizing radiation, downstream of
ATM and AKT. ACLY deficiency results in impaired BRCA1 recruitment to sites of DSBs
and suppression of HR. ACLY’s role in promoting BRCAL recruitment requires ACLY
nuclear localization, its catalytic activity, and its S455 phosphorylation. ACLY levels in the
nucleus are highest during S and G2 phases of the cell cycle, enabling ACLY to be
phosphorylated when repair by HR is preferred. When treated with a PARP inhibitor, ACLY-
deficient cells demonstrate increased genomic instability and decreased viability. This study
identifies ACLY as a molecular player in the DNA damage response and suggests that DNA
damage signaling orchestrates the spatial and temporal production of acetyl-CoA by ACLY
within the nucleus to promote HR and genomic integrity.

ACLY facilitates DNA-damage induced histone acetylation dynamics

We postulated that ACLY might participate in maintaining acetyl-CoA pools to enable
proper histone acetylation dynamics during the DNA damage response. Global levels of
histone H3 lysine 56 acetylation (H3K56ac) and lysine 9 acetylation (H3K9ac) are dynamic
following exposure of cells to DNA-damaging agents (Tjeertes et al., 2009; Vempati et al.,
2010). Therefore, to gain initial insight into whether ACLY impacts dynamic histone
acetylation following DNA-damage, HeLa cells were exposed to a high dose of ionizing
radiation (IR). Time-dependent regulation of both modifications was observed, with
increased levels detected several hours after IR exposure, coinciding with resolution of
YH2AX (Figure 1A, Figure S1A). This is consistent with a role in chromatin
reestablishment after repair (Das et al., 2009). RNAi-mediated silencing of ACLY
suppressed dynamic global acetylation after IR exposure, although yH2AX was still
resolved (Figure 1A). Of note, ACLY levels within the nucleus also rose at the 6-hour time
point, coinciding with the increase in histone acetylation (Figure 1B). ACLY silencing did
not alter induction of ATM (S1981) phosphorylation by IR or perturb cell-cycle progression
in this context, as assessed by nuclear levels of cyclin A (Figure 1B). These data provided
initial insight that ACLY may impact the regulation of damage-induced histone acetylation,
prompting us to further investigate whether ACLY has specific functions in DSB repair.

ACLY promotes BRCAL recruitment to DSB sites

To investigate this, we tested whether ACLY silencing altered the recruitment of DNA repair
proteins BRCAL and 53BP1 to DSB sites in response to IR. ACLY silencing by siRNA in
Hela and A549 cells decreased BRCAL foci and concomitantly increased 53BP1 foci
(Figure 1C). Similar results were also obtained using two different ShRNA targeting ACLY

Mol Cell. Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sivanand et al.

Page 5

(Figure S1B). The intensity and number of yH2AX foci were comparable or slightly higher
upon ACLY silencing (Figure S1C). In many cell types, ACLY silencing can significantly
impair proliferation and stall cell-cycle progression (Hatzivassiliou et al., 2005). Given that
HR and NHEJ are regulated in a cell-cycle dependent manner (Hustedt and Durocher, 2016),
we used a level and timing of ACLY silencing in these experiments that neither caused G1
arrest nor significantly impaired proliferation (Figure S1D). Furthermore, co-staining with
cyclin A confirmed that BRCAL recruitment was impaired in S/G2 phase cells upon ACLY
silencing (Figure 1D). CRISPR/Cas9-mediated ACLY deletion in LN229 glioblastoma cells
similarly impaired IR-induced BRCA1 foci formation (Figure S1E).

To introduce and visualize DSBs at a single specific genomic locus, we employed a U20S
DSB reporter cell line engineered to express a mCherry-Lacl-Fok1 nuclease fusion protein
(Shanbhag et al., 2010; Tang et al., 2013) (Figure 2A). Similar to that observed with ionizing
radiation, ACLY silencing impaired BRCA1 recruitment and increased 53BP1 levels at DSB
sites (Figure 2A). The effect of ACLY silencing mirrored that of 7/P60silencing, albeit not
to the same extent (Figure 2A). Total BRCAL protein levels were unaltered by ACLY
silencing (Figure S2A).

ACLY promotes histone acetylation at sites of DSBs

Histone acetylation can promote BRCAL recruitment by interfering with 53BP1 localization
at DSB sites (Hsiao and Mizzen, 2013; Jacquet et al., 2016; Tang et al., 2013). We therefore
asked whether reduced BRCA1 foci formation observed upon ACLY silencing depends on
the presence of 53BP1. Using 53BP1-deficient clones of U20S-DSB reporter cell line
(U20S sg53BP1) (Figure S2B), we found that silencing of ACLY failed to suppress BRCA1
recruitment when 53BP1 was absent (Figure 2B). These data indicate that ACLY promotes
BRCAL recruitment in a manner dependent on 53BP1 exclusion.

We next investigated whether ACLY impacts specific histone modifications known to limit
53BP1 binding. For this, we utilized a reporter cell line in which the Fok1 nuclease is
tethered to the telomere binding protein TRF1. Upon induction of DSBs by TRF1-Fok1,
YH2AX spreads several hundred kilobases into subtelomeric chromatin (Tang et al., 2013).
We confirmed that Fok1 localization corresponded to the induction of yH2AX in cells with
and without ACLY knockdown (Figure S2C). BRCAL foci formation in response to TRF1-
Fok1-induced DSBs was also verified to be impaired upon ACLY silencing (Figure S2D).
We performed chromatin immunoprecipitation (ChlP)-QPCR experiments to test histone H4
acetylation on chromatin near sites of DSBs with primer sets designed at telomeric ends
(Figure S3). Multiple loci on one chromosome (chromosome 16), as well as additional loci
on different chromosomes, were tested. While DSBs led to elevated histone acetylation at
many of these loci in control cells, this response was markedly impaired upon ACLY
silencing (Figure 2C).

To determine whether ACLY silencing functionally favors HR at the expense of NHEJ, we
first employed the direct repeat green fluorescent protein (DR-GFP) assay, which reports on
HR efficiency (Pierce et al., 2001). Silencing ACLY using individual sSiRNAs or an siRNA
SMARTpool targeting ACLY potently suppressed HR efficiency (Figure 2D, Figure 2E).
Expression of WT mACLY, which was not silenced by the siRNA pool, significantly rescued
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HR (Figure 2E, Figure S2E). To specifically assay NHEJ, we took advantage of the fact that
deprotected telomeres engage in 53BP1-dependent NHEJ, resulting in end-to-end
chromosomal fusions (Dimitrova et al., 2008; van Steensel et al., 1998). Upon expression of
a mutant dominant negative version of the shelterin complex component TRF2 (TRF2AB/AM)
(van Steensel et al., 1998), chromosomal fusions were observed (Figure 2F). Significantly
higher numbers of fusions were observed upon ACLY silencing, indicating elevated
engagement of NHEJ (Figure 2F). These data indicate that ACLY promotes HR at the
expense of NHEJ.

A second major source of acetyl-CoA in the nucleus and cytosol is acyl-CoA synthetase
short chain family member 2 (ACSS2), which generates acetyl-CoA from acetate. Acetate
can rescue global histone acetylation in the absence of ACLY (Wellen et al., 2009; Zhao et
al., 2016), though use of exogenous acetate for histone acetylation is somewhat inefficient
(Bulusu et al., 2017; Zhao et al., 2016), suggesting that ACLY- and ACSS2-generated acetyl-
CoA might be differentially used in specific contexts. Silencing of ACSSZhad no significant
impact on BRCAL1 foci formation (Figure S2F). Moreover, supplementation of acetate
produced only very modest, if any, rescue of HR in the absence of ACLY, suggesting a
dominant and specific role for ACLY in regulating HR (Figure S2G).

Reprogramming of glucose metabolism does not account for ACLY’s role in DNA repair

Both glucose and glutamine can support acetyl-CoA production via ACLY, with glucose
being the primary carbon source supplying acetyl-CoA for histone acetylation in
proliferating cancer cells and fibroblasts (Evertts et al., 2013; Zhao et al., 2016). We
hypothesized that DNA damage signaling might induce reprogramming of metabolism to
facilitate ACLY-dependent acetyl-CoA production. However, in 6 hours following IR
exposure, neither glucose nor glutamine consumption increased; the rate of glucose
consumption from the media was unchanged, while glutamine consumption showed a strong
trend towards suppression (Figure 3A), consistent with a prior study (Jeong et al., 2013).
Since changes in glucose consumption might occur more acutely, we also tested 3H-2-
deoxyglucose uptake at 0.5, 1, and 2 hours post-IR, but observed no difference between
mock and IR-treated cells (Figure 3B). IR exposure also did not significantly alter glucose
oxidation in the TCA cycle (Figure 3C) or glucose-dependent fatty acid synthesis (Figure
3D, Figure S4A). These data suggest that a global reprogramming glucose metabolism is
unlikely to account for ACLY’s role in DNA repair.

We next conducted a metabolomic profiling experiment to attempt to identify other
metabolic pathways regulated by IR exposure in an ACLY-dependent manner
(Supplementary Table 1). Differences in metabolite levels were observed upon silencing of
ACLY:. Acetyl-CoA abundance was suppressed by ACLY knockdown, independent of IR
treatment (Figure 3E and Figure S4B). Acetyl-aspartate was also notably reduced in ACLY-
silenced cells and rescued by acetate supplementation (Figure 3E and S4C), and
acylcarnitine profiles were also altered upon ACLY silencing (Figure 3E and Figure S4D).
Levels of these acetylated metabolites and acylcarnitines were not significantly altered by IR
exposure, however. IR-induced changes in metabolite levels were also detected; for example,
levels of 2-deoxyuridine and acetylglycine/guanidineacetate increased following IR, both in
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the presence and absence of ACLY (Figure 3E and Figure S4E). Thus, in both targeted and
untargeted whole cell analyses, we failed to identify IR-induced metabolic alterations that
might explain the HR deficit observed upon ACLY silencing.

Nuclear ACLY is phosphorylated upon DNA damage

Emerging evidence suggests that local production of metabolites can be important in
mediating chromatin modifications that are directed to specific loci, for example for
transcriptional regulation, although validated methods for measuring nuclear metabolite
levels are lacking (Kinnaird et al., 2016; Meier, 2013). ACLY is present within the nucleus
(Wellen et al., 2009; Zhao et al., 2016), but no functions of ACLY have yet been specifically
demonstrated to depend on its nuclear localization. ACLY-dependent acetyl-CoA production
can be regulated by AKT, which phosphorylates ACLY at S455 (Berwick et al., 2002).
Biochemical analysis has shown that phosphorylation at S455 increases the enzyme’s Vmax
and converts its citrate dependence from sigmoidal with negative cooperativity to hyperbolic
(Potapova et al., 2000). AKT is activated not only in response to growth factor signal
transduction, but also in response to DNA damage signaling downstream of ATM or DNA-
PK (Bozulic et al., 2008; Fraser et al., 2011; Viniegra et al., 2005).

We therefore asked whether ACLY is phosphorylated in response to DNA damage. In whole
cell lysates, minimal change in pACLY (S455) was detected upon exposure of cells to
ionizing radiation (IR) (Figure S5A). Although ACLY is present in both the nucleus and the
cytosol, it is more abundant in the cytosol, potentially obscuring changes in ACLY
phosphorylation within the nucleus. Indeed, biochemical fractionation of cells into nuclear
and cytoplasmic fractions revealed that ACLY phosphorylation increased specifically in the
nucleus following IR exposure (Figures 4A and S5B). Nuclear ACLY (S455)
phosphorylation was enhanced within 30 minutes of exposure of cells to IR, paralleling
increases in pAKT (S473) and pATM (S1981) (Figures 4A and S5B). Of note, a prior
phospho-proteomics dataset also detected pACLY (S455) within nuclei of irradiated cells
(Figure S5C) (Bennetzen et al., 2010). To determine whether ACLY phosphorylation occurs
in response to DNA damage /n vivo, ACLY phosphorylation was examined in irradiated
subcutaneous tumors and non-irradiated counterpart tumors grown on the opposite flank.
Similar to that observed /n vitro in the same cell line (Figure S5B), increased ACLY
phosphorylation was detected upon IR exposure of tumors /in vivo (Figure 4B).

We next sought to determine whether DNA damage signaling is responsible for promoting
ACLY S455 phosphorylation. Indeed, inhibition of ATM with KU55933, a selective ATM
kinase inhibitor that does not target other PI3 kinases (Hickson et al., 2004), ablated
damage-induced ACLY phosphorylation (Figure 4C). However, it is unlikely that ACLY is a
direct ATM substrate since it lacks the consensus motif and has not been identified in prior
proteomics analysis of ATM/ATR substrates (Matsuoka et al., 2007). AKT is also activated
downstream of ATM (Fraser et al., 2011; Viniegra et al., 2005), and IR-induced nuclear
AKT phosphorylation was suppressed by ATM inhibition (Figure 4C). Moreover, the
AKT1/2/3 inhibitor MK-2206 reduced damage-induced ACLY phosphorylation within
nuclei without impacting ATM phosphorylation, indicating that AKT acts downstream of
ATM to regulate ACLY (Figure 4D, Figure S5D). Thus, DNA damage promotes rapid
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activation of a signaling cascade that promotes nuclear ACLY phosphorylation downstream
of ATM and AKT.

ATM is important in mediating both HR and NHEJ, and the choice between these pathways
is intimately tied to the cell cycle (Hustedt and Durocher, 2016). Notably, DSB-induced
histone acetylation has been shown to be specific to S/G2 phases of the cell cycle, consistent
with its role in HR (Jacquet et al., 2016). We noted that ACLY levels increase in concert
with cyclin A several hours after exposure to a high dose of IR (Figure 1B), prompting us to
ask if there is a relationship between nuclear ACLY levels and the cell cycle. To test this,
cells were synchronized using a double thymidine block, and nuclear ACLY levels were
analyzed over the cell cycle. While cytosolic ACLY levels were constant, nuclear ACLY
levels were higher in S/G2 phase and lower in G1 (Figure 4E, S5E, and S5F). These data
suggest that ACLY may be available to supply acetyl-CoA at the point in the cell cycle in
which HR is preferred. Indeed, in synchronized cells, IR exposure induced ACLY
phosphorylation in S and G2 phase cells, but not in G1 phase cells, despite equivalent ATM
phosphorylation (Figure 4E).

The role of ACLY in BRCAL recruitment depends on its phosphorylation and nuclear

localization

The data indicate that ACLY is phosphorylated within the nucleus upon DNA damage, that it
regulates histone acetylation at DSB sites, and that it favors BRCA1 recruitment over 53BP1
recruitment, enabling repair by HR. To test whether ACLY catalytic activity to produce
acetyl-CoA is required to promote BRCAL recruitment, ACLY-deficient LN229 cells (Figure
S1E) were reconstituted with either myc-ACLY-WT or myc-ACLY-H760A. Whereas IR-
induced BRCAL foci formation increased upon expression of ACLY-WT, the catalytically
inactive ACLY (H760A) failed to rescue, indicating that ACLY catalytic activity is required
for its role in promoting BRCAL recruitment (Figure 5A). Reciprocally, ACLY-WT but not
ACLY-H760A reduced 53BP1 foci (Figure 5B). We next investigated whether
phosphorylation of ACLY at S455 is crucial for its role in BRCAL recruitment. To do this,
ACLY-deficient LN229 cells were reconstituted with either myc-ACLY-WT or myc-ACLY
in which Ser455 is mutated to Ala (and thus cannot be phosphorylated) or to Asp
(mimicking phosphorylation). Expression of ACLY-WT or ACLY-S455D restored IR-
induced BRCAL foci, while ACLY-S455A failed to rescue (Figure 5C). Similar results
validating the importance ACLY phosphorylation were also obtained in cells stably
expressing myc-tagged mouse ACLY (WT, S455D, or S455A) in which endogenous ACLY
was silenced by RNAI (Figure S6A). Each of the ACLY mutants expressed to a similar level
and exhibited similar nuclear-cytoplasmic distribution as WT-ACLY (Figures S6B).

Finally, we tested whether the presence of ACLY in the nucleus promotes BRCA1
recruitment to sites of DSBs. ACLY-deficient LN229 cells were co-transfected with GFP and
either empty vector (EV), ACLY-WT, or ACLY tagged with a nuclear export signal (NES)
(Figure S5D). When reconstituted into ACLY KO LN229 cells, NES-tagged ACLY, in
contrast to WT ACLY, failed to rescue BRCA1 foci levels above that in the empty vector
controls (Figure 5D). Together, these data indicate that ACLY-dependent promaotion of
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BRCAL recruitment requires it to be present in the nucleus, phosphorylated at S455, and
catalytically active.

ACLY silencing increases sensitivity to PARP inhibition

When inhibited, PARP becomes trapped at sites of single strand breaks, causing formation
of DSBs in replicating cells that necessitate repair by HR. As such, BRCA1 mutation or
deficiency in HR sensitizes cells to PARP inhibition (Farmer et al., 2005; O’Connor, 2015).
We therefore tested whether ACLY silencing impacts genome stability and PARPi
sensitivity. In combination with olaparib treatment, ACLY silencing caused a significant
reduction in cell viability at higher doses, consistent with a defect in HR (Figure 6A). Since
the impairment of BRCAL recruitment upon ACLY silencing was 53BP1 dependent (Figure
2B), we investigated whether the observed sensitivity to PARP inhibitors would be
diminished in cells lacking 53BP1. Indeed, ACLY silencing had minimal effect on PARPI
sensitivity in the absence of 53BP1 (Figure 6B, Figure S7A), consistent with the model that
ACLY promotes HR by interfering with 53BP1 localization. HR deficient cells are also
sensitive to mitomycin C (Yun et al., 2005), and similarly, enhanced cell death was observed
upon ACLY silencing following mitomycin C treatment (Figure S7B). Further supporting a
role for ACLY in maintaining genomic stability, enhanced incidence of radial chromosomes
occurred when cells were treated with PARPI in conjunction with ACLY silencing, relative
to control shRNA (Figure 6C). Together, these data indicate that ACLY plays a key role in
enabling DNA repair by HR.

DISCUSSION

In this study, we report that nuclear ACLY is phosphorylated in response to DNA damage in
an ATM- and AKT-dependent manner. ACLY silencing impairs induction of histone
acetylation at DSB sites, promoting 53BP1 binding and suppressing BRCA1 recruitment
and HR. ACLY’s role in promoting BRCA1 recruitment is dependent on ACLY catalytic
activity, phosphorylation at S455, and nuclear localization (Figure 7). Nuclear levels of
ACLY are highest in S/G2 phases, pointing to a role for ACLY in enabling DSB-induced
histone acetylation to promote HR in a cell cycle-dependent manner. ACLY silencing
increases chromosomal abnormalities and cell death upon PARP inhibition. In summary,
these data provide evidence that DNA damage signaling stimulates production of acetyl-
CoA by ACLY within the nucleus and that this participates in cell cycle-appropriate DSB
repair pathway choice and maintenance of genome stability.

Acetyl-CoA and other metabolites can diffuse through nuclear pores; thus, despite the
established localization of ACLY within both cytosol and nucleus (Wellen et al., 2009),
whether it has specific functions that require its nuclear localization has not been clear. This
study identifies a specific function that requires ACLY nuclear localization. The DNA
damage response must be precisely coordinated, and rapid production of acetyl-CoA within
the nucleus may promote its availability to lysine acetyl-transferases (KATS) in this context.
Moreover, acetyl-CoA levels are known to fluctuate in response to changes in glucose
availability or glycolytic flux (Cluntun et al., 2015; Lee et al., 2014), and ensuring a nuclear
pool of acetyl-CoA may buffer the ability to repair DNA damage from being impacted by
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nutritional deficiencies in the cell’s microenvironment. Notably, a recent study demonstrated
that nuclear fumarate production plays a key role in regulating KDM2B histone demethylase
activity during DSB repair (Jiang et al., 2015), aligning with the concept that local
metabolite production may be broadly important for ensuring substrate availability to
chromatin modifying enzymes during the repair of DNA damage.

More work is needed to define the precise mechanisms through which DNA damage
signaling activates ACLY. While ACLY has been established as a direct substrate of AKT
(Berwick et al., 2002), the mechanisms of AKT activation by DNA damage signaling are
less clear. Both ATM and DNA-PK have been reported to promote AKT-Ser473
phosphorylation (Bozulic et al., 2008; Fraser et al., 2011; Viniegra et al., 2005). While
AKT1 can interact with ATM, it is reportedly not a direct substrate, but rather is activated
downstream of RNF168 (Fraser et al., 2011). Several components of the PI3K-AKT network
have been identified as ATM or ATR substrates, and it has been proposed that PI3K-AKT
signaling and DNA damage signaling likely intersect at multiple levels (Matsuoka et al.,
2007).

In addition, the mechanisms of cell cycle regulation of nuclear ACLY levels will be
important to define in future work. Cyclin-dependent kinases (CDKSs) are crucial for cell
cycle-dependent control of DNA damage repair, via phosphorylating of CtIP and other
substrates (Hustedt and Durocher, 2016). Although ACLY is not known to be regulated by
CDKs, intriguingly, one study of human cytomegalovirus identified ACLY and TIP60 as
proteins that interact with a viral CDK orthologue (Reitsma et al., 2011). ACLY has never
been shown to directly interact with TIP60 to our knowledge, and we also tested but failed to
identify a definitive interaction between the two proteins (data not shown). However, it may
well be that ACLY presence in the nucleus is sufficient to enable production of acetyl-CoA
in the vicinity of TIP60, without a requirement for their physical interaction.

Prior studies have shown that PI3K inhibition sensitizes both BRCA1-deficient and BRCA1-
proficient cells to PARP inhibition (Ibrahim et al., 2012; Juvekar et al., 2012). In BRCA1-
deficient cells, PI3K regulates aldolase association with the actin cytoskeleton, and PI3K
inhibition results in impaired pentose phosphate pathway flux and nucleotide synthesis (Hu
et al., 2016; Juvekar et al., 2016). Our data suggest that AKT also influences BRCA1
function, at least in part through promoting ACLY phosphorylation within the nucleus and
BRCAL recruitment to DSB sites to enable HR. Thus, in BRCAL proficient cells, strategies
such as AKT or ACLY inhibition could be further explored in conjunction with PARP
inhibition. Such a strategy might be less effective if BRCAL is already mutated. In the case
of ACLY inhibition, it is likely that any such strategy would need to uncouple the anti-
proliferative effects of potent ACLY inhibition from its effects on HR.

In summary these data identify a role for the metabolic enzyme ACLY within the nucleus in
regulating the mechanism of DNA DSB repair. DNA damage repair is tightly regulated both
spatially and temporally. Based on the findings of this study, regulation of nuclear metabolic
processes appears to be a component of the cellular response to DSBs, in that the KAT
substrate acetyl-CoA must be made locally available at the right time and place to facilitate
the accurate regulation of histone acetylation during repair. Key questions for the future
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include delineating the mechanisms through which ACLY is activated in response to DSBs
and the mechanisms that regulate ACLY nuclear levels.

EXPERIMENTAL PROCEDURES

STAR METHODS
KEY RESOURCES TABLE

(S473 and T308)

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-phospho ATM Millipore clone 10H11.E12, Cat. No. 05-740
(S1981)

Rabbit monoclonal anti-phospho AKT Cell Signaling S473-(D9E) XP

Cat. No. 4060
T308-(244F9) Cat. No. 4056

Rabbit polyclonal anti-phospho ACLY

Cell Signaling Sigma

Cat. No. 4331 (Western blot)
Cat. No. #5SAB4504020
(Immunohistochemistry)

Rabbit monoclonal anti-ACLY

Cell Signaling

Cell Signaling-(D1X6P)- Cat. No.
13390

Rabbit monoclonal anti-ACLY

Hatzivassiliou et. al., 2005

PMID: 16226706

Rabbit polyclonal anti-ACLY

ProteinTech

Cat. No. 15421-1-AP

Rabbit polyclonal anti-AKT

Cell Signaling

Cat. No. 9272

Mouse monoclonal anti-BRCA1

Santa Cruz Biotechnology

(D-9) Cat. No. sc-6954

Rabbit polyclonal anti-53BP1

Novus Biologicals

NB100-904SS

Mouse monoclonal anti-yH2AX (S139) Millipore Millipore- clone

Rabbit anti- yH2AX Cell Signaling JBW301- Cat. No. 05-636
Cell Signaling-Cat. No. 2577

Rabbit polyclonal anti-Lamin A/C Cell Signaling Cat. No. 2032

Rabbit polyclonal anti-DNMT1 Active Motif Cat. No. 33905

Rabbit polyclonal anti-acetyl-histone H4 Millipore Cat. No. 06-866

Chemicals, Peptides, and Recombinant Proteins

AKT 1/2/3 inhibitor MK-2206 Selleckchem Cat. No. S1078

ATM inhibitor KU55933

Tocris Biosciences

Cat. No. 3544

The Deoxy-D-Glucose, 2-[1,2-3H (N)]

Perkin Elmer NET

328A250UC-lot 1914291

(B16)

D-GLUCOSE (U-13C6, 99%) Cambridge Isotope laboratories CLM-1396-PK
Formamide Amresco Cat. No. 0606
Mitomycin C Millipore Cat. No. 475820
Olaparib (AZD2281) ChemieTek Cat. No. CT-A2281
Shield-1 Clontech Cat. No. 632189
4-Hydroxytamoxifen Sigma-Aldrich Cat. No. T176
Experimental Models: Cell Lines

Hela, A549, LN229, HCT116, B16-F10 ATCC
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

LN229 clones expressing ACLY mutants

Lee et. al., 2014

PMID: 24998913

LN229 cells with CRISPR-mediated ACLY
deletion

Zhao, et. al., 2016

PMID: 27760311

U20S DSB reporter cell line
U20S-TRF1-Fok1 DSB reporter line

Tang et. al., 2013
Shanbhag et. al., 2010

PMID: 23377543
PMID: 20550933

DR-GFP cells

Pierce et. al., 2001; kindly
provided by M. Jasin

PMID: 11751629

U20S cells with CRISPR-mediated 53BP1
deletion

This study

Experimental Models: Organisms/Strains

C56BL/6 mice Jackson Laboratory (Bar Stock # 000664
Harbor, ME)

Oligonucleotides

siRNA smartpools for human ACLY, Dharmacon ACLY (Cat. No. L-004915)

ACSS2, Tip60and a non-silencing control ACSS2(Cat. No. L-010396)
Tip60 (Cat. No. L-006301)
Non-silencing control (Cat. No.
D-001810-10-20)

siRNA targeting hACLY (includes control Origene Cat. No. SR300035

hairpin)

TelC-Cy3 probe Panagene Cat No. F1002-5

Recombinant DNA

Human ACLY shRNA in pGIPZ lentiviral Dharmacon

vector

NES Fusion construct
PKI NES (LALKLAGLDI)

Wen et. al., 1995

PMID: 7634336

mACLY constructs (MACLY-WT, mACLY-
S455A, mACLY-S455D, and mACLY-
H760A)

Lee et. al., 2014
Zhao et. al., 2016

PMID: 24998913
PMID: 27760311

pLPC TRF2 deltaB delta M Addgene Plasmid #18008

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/
https://github.com/imagej/imagej1

Fiji https://fiji.sc

GraphPad Prism 6 Graph Pad N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

EXPERIMENTAL MODEL AND SUBJECT DETAILS
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Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Kathryn E. Wellen (wellenk@upenn.edu).

Generation of cell lines—HelLa, A549, LN229, HCT116, and B16-F10 (B16) cells were
obtained from ATCC. LN229 cells expressing ACLY mutants have been previously
described(Lee et al., 2014). LN229 cells with CRISPR-mediated ACLY deletion have been
described previously(Zhao et al., 2016).
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The U20S DSB reporter cell line was previously reported(Tang et al., 2013). The DR-GFP
cells, previously described(Pierce et al., 2001), were kindly provided by M. Jasin. 53BP1
was deleted in U20S cells using the following approach: sgRNA sequences targeting
different genomic regions of 53BP1 (53BP1_Top: CACCGTTGACTCTGCCTGATTGTA
and 53BP1_Bottom: AAACTACAATCAGGCAGAGTCAAC) were cloned into LentiCrispr
v2 vector(Shalem et al., 2014). Colony PCR was performed with positive SgRNA insertion.
Production of lentiviral vectors was performed according to standard protocol. U20S cells
were then infected with viral particles carrying different SgRNA sequences targeting 53BP1
and selected with Puromycin. Single clones were selected and expanded before gene
disruption was screened by western blotting and quantitative g°PCR. Two different clonal
lines (sg53BP1 2A and sg53BP1 3D) were used for subsequent analysis and experiments.

PEF6, pEF6-mACLY, pEF6-mACLY-S455A, pEF6-mACLY-S455D, and pEF6-mACLY-
H760A have been previously described(Lee et al., 2014; Zhao et al., 2016). mMACLY-NES
fusion construct was generated using primers encoding for the PKI NES (LALKLAGLDI)
(Wen et al., 1995). Forward
(AATTCAGATCTGTCGACCTGGCGCTGAAACTGGCGGGCCTGGATATTTAAC) and
reverse
(TCGAGTTAAATATCCAGGCCCGCCAGTTTCAGCGCCAGGTCGACAGATCTG)
primers were annealed, and cloned into pBabe-puro by restriction digest with EcoRI and
Sall. mACLY was then cloned into pBabe-puro-NES by PCR amplification using forward
(GGAATTCATGTCAGCCAAGGCAATTTCAGAGC) and reverse
(ACGCGTCGACCATGCTCATGTGTTCTGGAAGAAC) primers, followed by restriction
digest using EcoRI and Sall, and ligation. To generate pEF6-mACLY-NES, mACLY-NES
was subcloned from pBabe-puro into pEF6 by PCR amplification using forward
(GGAATTCATGTCAGCCAAGGCAATTTCAGAGC) and reverse
(ATAAGAATGCGGCCGCTTAAATATCCAGGCCCGCCAGTTTC) primers, followed by
restriction digest using EcoRI and Notl, and ligation. Constructs were validated by
sequencing.

Cell culture conditions—All cell lines were cultured in DMEM supplemented with 10%
calf-serum (CS) and L-glutamine and were routinely monitored for mycoplasma. Cell lines

were authenticated by short tandem repeat (STR) profiling using the Geneprint® 10 System
(Promega). Data were matched against the ATCC reference database (https://www.atcc.org/
STR_Database.aspx).

Generation of tumor xenograft model—For examining pACLY (S455) levels in vivo,
50,000 B16 cells were mixed with an equal volume of Matrigel (BD Biosciences) and
injected subcutaneously into the left and right flanks of 6-8 week old female C57BL/6 mice.
Animals were maintained under standard housing conditions in accordance with the
University of Pennsylvania and the Institutional Animal Care and Use Committee (IACUC)
guidelines.
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METHOD DETAILS

Antibodies and inhibitors—Inhibitors used were as follows: AKT1/2/3 inhibitor
MK-2206 (1 M), ATM inhibitor KU 55933 (Tocris Biosciences, 10 M). Antibodies used for
western blots include: pATM S1981 (Millipore), pAKT S473 and T308, pACLY 5455 (Cell
Signaling), tubulin (Sigma), ACLY (either as previously described(Hatzivassiliou et al.,
2005) or from Cell Signaling or Proteintech), total Akt (1:1000, Cell Signaling), DNMT1
(Active Motif), Lamin A/C (Cell Signaling). All antibodies for western blot was diluted
1:1000 in 3% BSA. Antibody used for ChIP: acetylated histone H4 (Millipore). pACLY
(S455) antibody used for IHC (1:100, #SAB4504020, Sigma). Antibodies used for
immunofluorescence (IF): BRCAL (1:100, Santa-Cruz Biotechnology), 53BP1 (1:300,
Novus Biologicals), yH2AX S139 (1:500, Millipore or Cell Signaling).

RNA interference—siRNA smartpools targeting human ACLY, ACSSZ, TIP60, and a non-
silencing control were obtained for Dharmacon. Briefly, cells were seeded at 60-70%
confluency and siRNA was mixed with the RNAiMax (ThermoFisher) according to standard
publicly available protocol. Experiments were performed 48-72h after transfection. Human
ACLY shRNA in pGIPZ lentiviral was obtained from Dharmacon; ShACLY#12
(V2LHS_94212), shACLY#13 (V2LHS_94213). Lentiviral production in 293T cells was
done using standard protocols. Briefly, transfection mix containing viral variant, pMD2G,
and psPAX vectors were combined with TE buffer, H,0, CaCl,, and HeBS, incubated for 5
min and added to subconfluent 293T cells in 15 cm plates and incubated for 16 h. Media
was replaced next day and incubated 8 h. 8 h later, media was collected and the fresh media
was added to the cells. This process was repeated 1x, combined, filtered using a 0.45 uM
filter, aliquoted in eppendorf tubes and frozen. For the knockdown experiments, desired cells
were seeded for 16 h and viral supernatant was combined with 8 pg/ml of polybrene with
serum free media. Media was changed after 6 h and cells were analyzed 48-72 h after
knockdown.

Whole cell lysate, sub-cellular fractionation and western blotting—Cells were
grown to 80-90% confluency prior to treatment with 5Gy IR in 6 cm plates. Whole cell
lysates were obtained by rinsing cells in cold-PBS and lifting cells of plate in RIPA buffer,
incubating on ice, and clarifying lysate with a high-speed spin. Cells were either pre-treated
with 20 M Akt inhibitor for 1h prior to IR or 10 M ATM inhibitor for 15 min prior to IR.
Cells were washed once with ice-cold 1x PBS and lifted off the dish with a cell-lifter in
buffer A (10mM Hepes, pH7.4, 10mM KCI, 1.5mM MgCl,, 0.5mM EDTA, 0.5mM EGTA)
supplemented with fresh protease inhibitors and phosphatase inhibitor and 0.1% NP-40. The
lysates were kept on ice for 15 min to isolate the cytoplasmic fraction. The nuclei pellet was
washed 2x in buffer A (without NP-40) and resuspended in buffer B (10mM Hepes pH7.4,
0.42M NaCl, 2.5% ultra-pure glycerol, 1.5mM MgCl,, 0.5mM EDTA, 0.5mM EGTA)
supplemented with fresh protease and phosphatase inhibitors and 1mM DTT. The nuclear
fraction was kept on ice for 30 min, before high-speed spin and quantification by BSA
(Thermo Scientific). Samples were prepared for western blot analysis using 4x-gel loading
dye (Invitrogen) and either NUPAGE or BOLT gel systems (Invitrogen). Proteins were
transferred onto nitrocellulose membranes and subsequent analysis was performed using
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standard protocols. Following secondary antibody incubation (Li-Cor), membranes were
scanned using the Li-Cor blot scanner using ImageStudioL.ite software.

Tumor irradiation and immunohistochemistry—~Fourteen days after injection of
50,000 B16 cells into C57BL/6 mice, the tumor on one flank of the mouse was irradiated at
20Gy IR. IR with the Small Animal Radiation Research Platform (Xstrahl) using a 5mm x
5mm collimator. Radiation was delivered perpendicular to the plane of the mouse to ensure
only one tumor received radiation. The tumors were harvested either 0.5 h or 1 h after IR.
The resected tumor was fixed in formalin overnight. Immunohistochemistry was performed
on paraffin-embedded sections. Tissue sections were dewaxed and rehydrated using standard
protocol. Antigen retrieval was performed by boiling samples in the microwave in citrate
buffer (pH6) at 30% power for 40 min. Endogenous peroxidase activity was inhibited by
using 3% hydrogen peroxidase. Sections were blocked in 2-5% BSA in PBS and incubated
in primary antibody for pACLY (S455) overnight. Sections were rinsed in PBS and
developed using Vector NovaRED Peroxidase (HRP) substrate kit (Mector Laboratories).
Sections were counterstained with hematoxylin. Quantification of nuclear pACLY staining
was performed using ImageJ software. All animal studies were approved by the University
of Pennsylvania and the Institutional Animal Care and Use Committee (IACUC).

Glucose uptake assay and YSI—At 30 min, 1 hr, and 2 hrs following IR treatment,
cells were washed in warm KRH buffer pH 7.4 (115mM NaCl, 5mM KCI, ImM KH,PQy,
25mM HEPES, 1mM CaCl,) and incubated for 10 min at 37°C. 0.5uCi Deoxy-D-Glucos e,
2-[1,2-3H (N)] was then added to each well and cells were incubated fro 30min at 37C. Care
was taken to ensure that each well got exposed to the glucose for the exact amount of time.
After 30 min, cells were washed with cold KRH to stop the reaction. All the solution was
aspirated and the 500 I of 0.1% SDS was added to each well to lyse the cells. 400 I of the
solution was transferred to a small scintillation vial for counting. No radioisotope control
was used as a negative control. The Deoxy-D-Glucose, 2-[1,2-3H (N)] was from Perkin
Elmer NET 328A250UC-lot 1914291). All experiments were done and materials were
disposed in accordance with the radioactive safety guidelines established by the University
of Pennsylvania.

YSI experiments were done in the following manner. Cells were seeded at low density in a
12 well plate in regular DMEM (10%CS+1% L-glutamine). The next day, medium was
changed (to DMEM + 10% CS), and cells were treated +/- 5 Gy IR. 6 h later, the media was
collected and the cells were counted. Media was then spun down at 1000 rpm for 5 min, to
remove debris, and analyzed on the YSI 7100 analyzer, following calibration of the
instrument and verification of the precision of the instrument using a standard with known
levels of glucose and glutamine. Each condition was plated for biological triplicates, and
each media sample was measured twice for analytical replicates. Average of the analytic
replicates was used for final analysis of biological triplicates, and standard t-test was used to
determine significance between the variables.

13C-glucose tracer analysis—For TCA cycle analysis, A549 cells were grown in
uniformly labeled 10mM glucose (D-GLUCOSE (U-13C6, 99%) from Cambridge Isotope
laboratories) for at least 6 h following IR treatment. Media was removed and the cells were
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rinsed quickly with PBS, trypsinized, transferred to a 15ml conical tube and spun at
1000rpm for 3 min. The cells were resuspended in 2.5 ml of glass-distilled H,O (pH 1-2).
The samples were transferred to a glass tube and 2.5 ml of ethyl-acetate was added and
vortexed for 20 sec at high speed. Samples were then spin at 3000g for 5 min and the upper
organic phase was transferred to a glass vial. Ethyl-acetate extraction was repeated and the
samples were pooled and dried under a stream of nitrogen at RT. 0.5 ml of MeOH and 0.5
ml of methylene chloride was added and vortexed well and dried under a stream of nitrogen
at RT. 150 | of ethyl acetate and 150 | of BSTFA/TMCS was added and the samples were
capped and heated at 70°C for 30 min. Cooled samples were transferred to the auto-injector
vial for analysis by mass-spectrometry. One microliter of the trimethylsilyl-derivatized
preparation was injected splitless into an Agilent 6890N series gas chromatograph (Agilent
Technologies, Santa Clara, CA) and separated on an Agilent HP-5MS column (30m x
250uM) cross-linked with 5% phenylmethylsiloxane. The oven was set at 70°C for two min,
ramped at 5°C until 250°C and baked off at 300°C for 10 min giving a total run time of 53
min. The data was analyzed in full scan mode in an Agilent 5973 mass selective detector
ranged from m/z50-550. Compounds were positively identified from authentic standards.
Isotopic enrichments were measured as atom percent excess above a baseline spectrum for
all compounds of interest.

Long chain fatty acids were analyzed by GC/MS using fatty acid methyl-ester (FAME)
approach. Cells were grown to a level of 5x108 cells in a 15 cm plate. Cells were labeled
with 13C glucose and treated simultaneously for 24 h. After 24 h, the media was removed
and cells were washed with 10 ml ice cold PBS. Cells were washed a second time with 10
ml PBS containing 1% fatty acid free albumin (Sigma) to remove extracellular traces of
lipids. Cells were washed again with 10 ml PBS. Trypsinized cells were collected and
trypsin was quenched with 5ml PBS containing 1% fatty acid free albumin. Cells were
counted, spun at 1000 rpm for 5 min at 4°C, and pellet was washed with 5ml ice-cold PBS. 1
ml ice-cold methanol (MeOH) was added to the pellet and sample was transferred to a 15 ml
round-bottom glass centrifuge tube. Original tube was rinsed with 1ml ice-cold methanol
and combined. 1ml of chloroform was added to the methanol and samples were sonicated
for 30 s (30 cycles) using a probe sonicator. 0.7 ml of chloroform and 0.7 ml of glass
distilled water was added to the sample resulting in two immiscible phases. 1mM
heptadecanoic acid in MeOH was added as an internal standard. Samples were sonicated and
spun at 8000 rpm for 10 min at 4°C. Bottom fraction containing lipids was transferred to a
new 15 ml centrifuge tube. Cell pellet was re-extracted a second time and fractions were
combined. 0.1 ml of glass distilled was added to the chloroform fraction and sonicated
briefly. The samples were spun at 8000 rpm for 10 min at 4°C. The chloroform fraction was
transferred to a thick wall sealable glass FAME tube. Chloroform was evaporated by
blowing nitrogen over the top of its surface. 2 ml of IS mix containing MeOH, toluene and
butylated hydroxytoluene was added to the dried lipids. 2 pl of acetyl chloride was added,
tube was sealed with a butyl rubber cap, secured, and heated at 95°C for 1 h to convert fatty
acids to methyl esters. The methyl ester/MeOH solution was transferred to a glass centrifuge
tube containing 5 ml of 6% potassium carbonate in H,O. The top layer was transferred to an
eppendorf tube and spun at 8000 rpm for 3-5 min. The organic phase was transferred to a
GC/MS glass insert and then inserted into a standard 1.5 ml GC/MS vial and sealed with
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Teflon lined cap. The sample was analyzed with the Agilent GC/MS system and the IsoCor
software.

Propidium lodide Staining—1-1.5x106 cells were plated onto 10 cm plates. 24 h later
cells were trypsinized and washed 1x in 5-10 ml of PBS to remove residual serum. Cells
were counted and 1x108 cells were spun at 300 g for 5 min at 4°C, washed i n 5-10 ml of 1x
PBS. Cell pellet was resuspended in 0.5 ml of 1x PBS. While vortexing, 4.5 ml of ice-cold
70% EtOH was added to the resuspended cells (dropwise). Samples were incubated either in
4°C for a few hours or frozen in —20°C until staining with pr opidium iodide. Prior to
analysis, cells were spun at 300 g for 5 min at 4°C. The supernatan t was removed and cells
were washed 2x in 5-10 ml of 1x PBS. Cells were pelleted at 300 g for 5 min at 4°C. The
supernatant was removed and the cells were resuspended in 0.5 ml of PI staining solution
(1x PBS, 100 g/ml RNAse A, 40 g/ml propidium iodide). Samples were subsequently
analyzed using the Attune NxT flow cytometer (Thermo Scientific).

Immunofluorescence—cCells were grown at 25,000 cells on coverslips in a 24 well plate
and transfected with smartpool siRNA against either control sequence or ACLY
(Dharmacon). 48 h after siRNA knockdown, damage was induced with either 2 Gy IR
(HeLa, A549) for 4 h or Shield-1/4-OHT (U20S reporter lines) for 5 h. Cells were rinsed in
ice-cold PBS and fixed in a formaldehyde/sucrose solution for 10 min at RT. Cells were
washed 2x in PBS and permeabilized in 0.1% Triton-X solution for 5 min on ice or in 4°C
and washed 3x with PBS. Primary antibody was added and the coverslips were incubated at
37°C for 20 min. Coverslips were washed with PBST 3x and incubated with Alexa Fluor
488 dye or Alexa Fluor 555 dye (Thermo Fisher Scientific) or FITC-conjugated secondary
antibody (BD Biosciences) for 20 min at 37°C. The c overslips were then washed 4x in
PBST and mounted with DAPI nuclear stain on coverslips. For ACLY overexpression
studies in LN229 sg3.8 cells, 70,000 cells were plated on coverslips in 24 well plate and
transfected with mACLY constructs using lipofectamine 2000 or lipofectamine 3000
(Invitrogen) 24h later. 48 h after transfection, cells were treated with 2Gy IR for 4h and
processed as above. For ACLY overexpression studies with transient ACLY knockdown,
ACLY was silenced as above in LN229 cells stably expressing mACLY constructs.

Chromatin immunoprecipitation—Chromatin immunoprecipitation (ChlP) was
performed using a U20S TRF1-Fok1 reporter line as described previously (Tang et al.,
2013). Briefly, 48 h after transfection with control or ACLY-targeting siRNA pools, cells
were grown to 80% confluency and treated with Shield-1 and 4-OHT for 5 h. 150 g of
protein was used for each IP with 20 | of protein G magnetic beads (Millipore 16-662) and
incubated with antibody against AcH4 (Millipore 06-866) overnight at 4°C.

Quantitative PCR—ChIP samples were diluted 1:20 and used as template with Power
Sybr Master Mix (AB1 4367659). DNA was amplified using ViiA-7 Real-Time PCR system
using PCR primers previously described and generated (Tang et al., 2013).

HR assay—To examine HR, DR-GFP reporter cells were plated at 30,000-50,000 cells/
well in a 12 well plate and reverse transfected with either control hairpin or individual
siRNAs targeting ACLY (Origene) with RNAiMax (Thermo Fischer Scientific) using
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standard protocol. 24 h later, cells were transfected with Sce-1 (0.4 g/well) and
lipofectamine 2000 (Thermo Fischer Scientific). Cells were assayed by flow cytometry 48 h
after transfection. For ACLY knockdown and rescue experiments, DR-GFP cells were
seeded in 6 well plate and transduced with EV or mACLY constructs with polybrene (8 g/
ml). 24 h later, cells were re-seeded in a 12 well plate and reverse transfected with sSiRNA
SMARTpool against ACLY (Dharmacon) and re-transfected with Sce-1 (0.4 g/ml) 24 h
following siRNA transfection. Cells were subsequently harvested 48 h after Sce-1
transfection and GFP+ cells examined 48 h-72 h later using Attune NxT flow cytometer
(Thermo Scientific).

Metaphase spreads—HeLa cells were plated at low density on 10 cm plates and treated
with 5 UM olaparib for 24 h. Colcemid at a final concentration 100ng/ml was added to each
10 cm dish and incubated at 37°C for at least 1.5 h. The media was collected; the cells were
rinsed in 1x trypsin and transferred and the trypsin was combined with media. The cells
were trypsinized in 37°C for 5 min and the trypsin was g uenched with the collected media.
Cells were spun at 1000rpm for 10 min at 4°C. Most of the media was aspirated leaving
500ul behind. 7 ml of hypotonic solution (0.8% sodium citrate, pre-warmed to 37°C) was
added dropwise and the sample was mixed by gentle flicking of the tube. Samples were
incubated at RT for 10 min, followed by spin at 1000 rpm for 10 min at 4°C. Solution was
aspirated, leaving 500l behind. The cells were resuspended in the 500l and 7ml of
Carnoy’s Fixative (75% Methanol, 25% Acetic Acid; made fresh) was added to the tube
while mixing. Samples were incubated for 10 min at RT and spun at 1000 rpm for 10 min at
4°C. This was repeated 2x. Most of the su pernatant was aspirated and the final pellet was
resuspended in 300-500pl of the Carnoy’s Fixative. The samples were dropped onto slides
in a 37°C water bath and once d ried, stained with 1:20 diluted Giemsa stain (Sigma), rinsed
2% in ddH,0, air-dried, and sealed with mounting media and cover-slips.

pLPC TRF2 deltaB delta M vector (addgene plasmid #18008) was obtained and viral
supernatant was generated using standard protocol with PhxA cells. HeLa cells were
infected with the virus and selected for one week with puromycin. Following a 48 h transient
knockdown of ACLY using sShRNA, samples were processed to generate metaphase spreads
as outlined above in HeLa cells stably overexpressing mutant TRF2. Once metaphases were
dropped on the slides and dried, the slides were rehydrated with PBS (pH7-7.5) 3x for 5
min each. Slides were dehydrated in EtOH series: 5 min each in 70%, 90%, 100% at RT.
Hybridization solution was prepared fresh (1L0mM Tris-HCI pH7.5, 70% deiodized
formamide (Millipore), 0.5% blocking reagent (Roche)). PNA probe (TelC-Cy3 probe,
Panagene) was added to the hybridization solution and incubated for 3 min at 75°C. The
PNAV/h ybridization mix was added to the slide and topped with a coverslip and the entire
slide was placed on a 75°C heat block for 3 min. Slides were removed and allowed to cool
for ~5 min. The slides were then placed in a humidified chamber in the dark overnight. The
slides were then washed with RT wash buffer (70% formamide (Amresco), 10mM Tris, pH
7.4) 3-4 times 5 min each. Slides were then washed with PBST 1x 5min, PBST+DAPI 1x
5min, followed by PBST wash for 5 min. Metaphases were then mounted with coverslips
using vecta shield and imaged.
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Metabolomics—LC-MS/MS was performed on a Waters Acquity UPLC coupled to a
Waters TQ-S Micro mass spectrometer (Waters Corporation, Milford, MA, USA). Liquid
chromatography conditions and mass spectrometer parameters were based on published
methods(Rhoades, 2016), with chromatographic separation of metabolites performed using a
Waters BEH Amide (100mm x 2.1mm x 2.5um) column. Data processing was accomplished
using Waters TargetLynx software (version 4.1).

lon counts were exported from TargetLynx and subsequently processed in R (v3.2.4).
Quality control (QC) samples, which consisted of a pooled sample of all cell samples, were
injected at the beginning of the batch for LC column equilibration and every 6 injections
during the analysis to account for instrumental drift. For every metabolic feature, a best-fit
linear regression function was fitted to the QC data, which was then used as a normalization
factor for the samples as a function of run order(Dunn et al., 2011). Additionally, metabolic
features that appeared in less than 50% of the QC samples and displayed a relative standard
deviation (RSD) greater than 30% were dropped from the final dataset. Heatmaps for the
metabolomic dataset were generated using the heatmap3 (v1.1.1) package in R.
Additionally, metabolic features which appeared in less than 50% of the QC samples and
displayed a relative standard deviation (RSD) greater than 30% were dropped from the final
dataset. Heatmaps from the metabolomic dataset were generated using the heatmap3
(v1.1.1) package in R. Prior to generating the heatmap, biological replicate values were
averaged and normalized row-wise to the Untreated Control. Scaling was then performed
column-wise to adjust for differences in metabolite intensities across the samples using a
mean-centering approach. Selected metabolites were graphed individually on biological
triplicates and statistics was performed using standard t-test for either individual time points
or for grouped datasets to assess effect of genetic manipulation.

Quantification and Statistical Analysis—Quantification for the immunofluorescence
images was performed using established protocols!-2. Images were first taken by focusing on
DAPI staining or on TRF1/Fok1/yH2AX staining in a semi-blinded manner (i.e. fields were
chosen without observing criteria to be scored: BRCAL, 53BP1, or yH2AX). All images
within each experiment were taken at the same time using the same exposure for each
channel. Images were exported onto ImageJ (for IF) or onto Fiji (for FISH). For IF images
using the reporter cell line, the images were converted to 16bit format and a pre-defined area
was drawn around the foci area, which was kept consistent for all subsequent quantification
within the same experiment. The foci intensity with the pre-defined area was quantified. For
the IF images using ionizing radiation, the image was converted to 16bit format and the
threshold was adjusted for the first image so as to visualize all the foci. This threshold was
then used for all subsequent images within the same experiment. Each individual data point
(or foci) for each image was then entered into an excel file and the average of all the foci for
10-25 images (depending on the experiment) was calculated and plotted. For the
quantification of the foci number, the number of yH2AX was first determined per image.
Next, the number of cells that stained positive for BRCA1 (>5 distinct foci) was determined
as a percentage of the cells that also stain positive for yH2AX or cyclin A (>5 distinct foci).
For the BRCA1 and 53BP1 quantification presented in figure 1, for the 10 fields analyzed,
100-200 yH2AX+ cells were examined per condition. For the cyclin A/BRCAL data
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presented in figure 1, between 100-150 cyclin A positive cells were examined per condition.
For foci quantification with IR, up to 30,000 individual foci were quantified in each
condition. For foci quantification with the U20S reporter lines, approximately 50 individual
cells were examined per condition in each experiment. For the metaphase spreads and FISH
analysis, individual metaphases were analyzed and the samples were scored by the number
of distinct fusions, radials or breaks observed. For the FISH experiment, samples were
scored based on consensus of whether a fusion was observed or not by two independent
reviewers (S.S. and Q.J.), who were blinded to the experimental conditions. Each data point
was plotted and standard t-test was used to determine significance.

All statistics were done using unpaired, two-tailed Student’s t-test with equal variance, using
either Microsoft Excel or Graph Pad (Prism 6). All graphs were generated using Prism 6
Graph Pad software.

Supplementary Material

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

ATP-citrate lyase (ACLY) is required for DNA damage-induced histone
acetylation.

ACLY silencing suppresses BRCAL recruitment and homologous
recombination.

Nuclear ACLY is phosphorylated at S455 in S/G2 phase cells upon DNA
damage.

ACLY phosphorylation and nuclear localization promote BRCAL recruitment.
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Figure 1. ACLY participates in recruitment of BRCAL1 to sites of DNA double strand breaks
(DSBs)
(A) After transfection with indicated siRNA SMARTDpools, cells were treated +/- 10 Gy IR

and harvested at 1 h or 6 h post-IR, along with unirradiated controls. Acid-extracted histones
and corresponding cytoplasmic fractions were analyzed by Western blot. Quantification of
three independent replicates is depicted and significance determined using paired t-test
following normalization to siControl UT 1h, mean +/- SEM *, p<0.05. (B) Cells were
treated as in (A); cytoplasmic and nuclear fractions were prepared and analyzed by Western
blot. (C) Control and ACLY-silenced cells were treated with 2 Gy IR, and 4 h later
immunofluorescence imaging was performed for BRCA1, 53BP1, or yH2AX, scale bar-
200 M. Representative experiment from n=2 per cell line and condition with quantification

Mol Cell. Author manuscript; available in PMC 2018 July 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sivanand et al.

Page 26

of 10 fields/experiment, mean +/— SEM, *, p<0.05, **, p<0.01. (D) Control and ACLY-
silenced cells were treated with 2 Gy IR imaged for cyclin A and BRCAL1 after 4 h, scale
bar-200 M. Representative experiment from n=2. Quantification of BRCAL foci in cyclin A
+ cells in 10 fields, mean +/-SEM, *, p<0.05. See also Figure S1.
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Figure 2. ACLY promotes histone acetylation at sites of DSBs
(A) U20S reporter cell line transfected with indicated sSiRNA SMARTpools was treated with

Shield-1 and 4-OHT for 5 h to induce DSBs by mCherry-Lacl-Fok1. Colocalization of
BRCAL or 53BP1 with Fok1 was imaged by IF, scale, 200 M. Representative experiment
from n=3 each for 53BP1 and BRCAL. Quantitation of 15-20 fields from each sample is
depicted, ****, p<0.0001, n.d.- not detected (lower left panel); A.U.- Arbitrary units. Re-
drawn schematic of the reporter assay, previously published (Tang et al., 2013) is depicted
(lower right panel) (B) BRCAL colocalization with Fok1 was examined in 53BP1-deficient
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U20S reporter cells. (See also Figure S2B.) n.s.- not significant; A.U.- Arbitrary units. (C)
AcH4 ChlIP using different primer sets for endogenous loci was performed in a U20S-
TRF1-Fok1 reporter cell line that induces DSBs within telomeres (Tang et al., 2013). DSBs
were induced by treatment with 4-OHT for 5 h; mean +/= SEM for 5 h, *, p<0.05, **,
p<0.01, n.s.- not significant, n.d.- not detected. See Figure S3 for primer locations. (D) HR
assay performed in the DR-GFP U20S reporter line (Pierce et al., 2001). Cells were
transfected with individual siRNAs for 24 hours (siIACLY A or siACLY B), followed by
transfection of the endonuclease Sce-1 for an additional 48 h. GFP positivity, indicating HR
efficiency, was analyzed by flow cytometer, mean +/— SEM, **, p<0.01; ***, p<0.001. (E)
To assay HR, cells were transduced with EV or ACLY-expressing lentivirus. Cells were
transfected with SiRNA SMARTDpools, followed by Sce-1 as in (D). Data is representative of
2 independent experiments. Mean +/- SEM is graphed, ***, p<0.001. (F) ACLY was
silenced using two independent shRNAs in HeLa cells expressing TRF2AB/AM_ NHEJ was
assessed by scoring end-to-end chromosomal fusions. Mean +/- SEM **, p<0.01,

*** p<0.001. See also Figure S2 and Figure S3.
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Figure 3. DNA damage signaling does not stimulate ACLY-dependent global reprogramming of
glucose metabolism

(A) Metabolite consumption/production over 6 hours in U20S Cells treated +/- 5 Gy IR,
mean +/— SEM of triplicates (B) A549 cells were treated with 5 Gy IR and 3H-2-
deoxyglucose uptake monitored at indicated time points, mean +/— SEM of triplicates. Cpm-
counts per minute. (C) A549 cells were treated with 5Gy IR and media replaced containing
[U-13C]-glucose for 6 h. Enrichment of TCA cycle intermediates was examined using GC-
MS, mean +/- SEM of triplicates. (D) A549 cells were treated with IR and then media
replaced with that containing [U-13C]-glucose for 24 h. Palmitate enrichment was examined
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by fatty-acid methyl-ester analysis by GC-MS, mean +/— SEM of triplicates. (E) U20S cells
were transduced with indicated sShRNAs targeting either control or ACLY, +/- 5 mM acetate,
and treated with 5 Gy IR. Metabolites were extracted and analyzed by LC-MS at indicated
time points. Each point on the heat map represents the mean of triplicate samples for each
condition and time point. Full panel of metabolites and biological replicates are included in
Supplementary Table 1. See also Figure S4.
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Figure 4. Nuclear ACLY is phosphorylated following DNA damage in a cell cycle dependent

manner

(A) HelLa cells subjected to 5 Gy IR were fractionated at indicated time points. Nuclear and
cytoplasmic levels of indicated proteins determined by Western blot. (B) Subcutaneous B16
tumors were grown on both flanks of female C57BI/6 mice. One tumor on each mouse was
treated with 20 Gy IR, while the other tumor received no treatment. Both tumors were
harvested in parallel and immunohistochemistry was performed for pACLY. The number of
positive nuclei/field were scored for 20 fields per section, mean +/-~SEM, ***, p<0.001;
**** n<0.0001. Representative images and quantification from one mouse per time point
(0.5 and 1 h) is depicted. Reproducible data was observed from a total of n=3 mice for 0.5 h
time point and a total of n=2 mice for the 1 h time point. (C) HeLa cells were pre-treated
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with an ATM inhibitor for 15 min, then exposed to IR, fractionated, and analyzed by
Western blot. (D) A549 cells were pre-treated with an AKT inhibitor for 1 h, followed by IR
treatment, fractionation, and western blotting of lysates. (E) HeLa cells were synchronized
to S-phase using a double thymidine block and released into G2 and G1 at 4 and 10 h,
respectively. 30 min prior to harvest in each cell cycle phase, cells were irradiated,
fractionated, and lysates subjected to western blot analysis. Colored boxes around the time
points correspond to the color of the PI profile representing a distinct stage of the cell cycle
(right panel). See also Figure S5.
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Figure 5. Phosphorylation and nuclear localization of ACLY promote BRCA1 recruitment to

DSB sites

(A) EV or myc-tagged mACLY constructs (WT or H760A) were transfected in LN229

SgACLY (clone 3.8) cells, followed by irradiation with 2 Gy IR. Cells were fixed after 4 h
and co-stained for myc-tag (representing ACLY) and BRCAL. Quantification on myc-tag+
cells (or all nuclei for EV controls) was performed from 25 different fields per sample using
ImageJ, mean +/-SEM, **, p<0.01, **** p<0.0001;, n.s.-not significant. Scale bar-200 M.
(B) Experiment was conducted as in (A), with analysis of 53BP1 and myc-tag. (C)
Experiment was conducted as in (A), using myc-tagged mACLY constructs (WT, S455A, or
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S455D). (D) ACLY null LN229 cells were co-transfected with empty vector and GFP, WT
mMACLY and GFP, or with mACLY-NES and GFP for 48 h, and fixed 4 h after 2Gy IR
treatment. IF was performed for BRCAL; GFP and BRCA1 was imaged. Quantification was
performed with at least 25 fields per sample using ImageJ scoring GFP positive cells, mean
+/-SEM. *** p<0.001, n.s.- not significant. See also Figure S6.
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Figure 6. ACLY deficiency enhances PARP inhibitor-induced genomic instability and
cytotoxicity

(A) U20S cells were treated with olaparib at indicated doses for 72 h following ACLY
silencing for 24 h. Viability was assessed using trypan-blue exclusion assay, mean +/— SEM,
*, p<0.05. (B) Two independent U20S reporter clones lacking 53BP1 (sg53BP1-clone 2A
and clone 3D) were treated without (solid bars) or with (striped bars) olaparib at 30 M final
concentration for 72 h following ACLY silencing for 24 h. Viability was assessed using
trypan-blue exclusion assay. n.s.- not significant. (C) ACLY was silenced in HeLa cells, and
cells were treated with olaparib for 24 h. Samples were collected following colcemid
treatment for 1.5 h and metaphases were examined for chromosomal abnormalities.
Quantification was performed manually on 70-80 total metaphases from 2 different
experiments which were pooled together, mean +/- SEM; *, p<0.05, **, p<0.01. See also
Figure S7.
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Figure 7. Acetyl-CoA production by ATP-citrate lyase facilitates homologous recombination
during S/G2 phases of the cell cycle

ACLY is phosphorylated at Ser455 within the nucleus in response to DNA damage in a cell
cycle-dependent manner. This enables appropriate spatial and temporal control of acetyl-
CoA production, enabling histone acetylation at DSB sites, BRCAL recruitment, and DNA
repair by HR.
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