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ABSTRACT

SQSTM1/p62 (sequestosome 1) selectively targets polyubiquitinated proteins for degradation via
macroautophagy and the proteasome. Additionally, SQSTM1 shuttles between the cytoplasmic and nuclear
compartments, although its role in the nucleus is relatively unknown. Here, we report that SQSTM1
dynamically associates with DNA damage foci (DDF) and regulates DNA repair. Upon induction of DNA
damage SQSTM1 interacts with FLNA (filamin A), which has previously been shown to recruit DNA repair
protein RAD51 (RAD51 recombinase) to double-strand breaks and facilitate homologous recombination
(HR). SQSTM1 promotes proteasomal degradation of FLNA and RAD51 within the nucleus, resulting in
reduced levels of nuclear RAD51 and slower DNA repair. SQSTM1 regulates the ratio between HR and
nonhomologous end joining (NHEJ) by promoting the latter at the expense of the former. This SQSTM1-
dependent mechanism mediates the effect of macroautophagy on DNA repair. Moreover, nuclear
localization of SQSTM1 and its association with DDF increase with aging and are prevented by life-span-
extending dietary restriction, suggesting that an imbalance in the mechanism identified here may
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contribute to aging and age-related diseases.

Introduction

The DNA damage response (DDR) is essential for the mainte-
nance of genome stability and its impairment is implicated in
human diseases and aging."” The role of the ubiquitin-protea-
some system (UPS) in the control of DDR pathways is well
established.’ Proteasomal degradation plays the key role in the
turnover of the components of the DNA repair machinery dur-
ing genome maintenance and promotes efficient resolution of
DNA damage foci (DDEF), thus allowing cell cycle progression.
Recently, lysosome-dependent degradation pathways, including
macroautophagy (hereinafter autophagy) and chaperone-medi-
ated autophagy (CMA) have also been demonstrated to affect
the DDR in eukaryotic cells. Specifically, suppression of auto-
phagy results in an aberrant DDR with delayed kinetics of
DNA repair and increased dependence on NHE] at the expense
of HR.*®

Autophagy is thought to take place exclusively in the cyto-
plasm while DDR is a primarily nuclear process. Several mech-
anisms have been proposed as a link between these 2 pathways.
In some specific physiological contexts, such as deep cellular
senescence, transport of DDF from the nucleus into the cyto-
plasm followed by engulfment by autophagic membranes has
been observed.”® Alternatively, the positive effect of autophagy

on DNA repair may be achieved by the transport of specific
nuclear proteins into the cytoplasm where they are recruited
for autophagic degradation. Specifically, it has been suggested
that acetylation-dependent autophagic turnover of the recom-
bination protein Sae2 promotes DNA repair in yeast® although
this mechanism has recently been challenged in mammalian
cells; turnover of CHEK1 (checkpoint kinase 1) via either auto-
phagy or CMA has been proposed to mediate the positive role
of these degradative pathways in DDR.** However, while the
latter mechanism helps to explain how autophagy could affect
signaling downstream of DDF the mechanisms allowing auto-
phagy to promote DNA repair remain poorly understood. Dif-
ferent mechanisms of double-strand DNA damage repair are
controlled by dedicated molecular machinery and RAD51 and
TP53BP1 (tumor protein p53 binding protein 1) have been
shown to promote HR and NHE], respectively. A differential
effect of autophagy on HR and NHE] raises a possibility that
autophagy has a direct or an indirect effect on the levels or
activity of these proteins."’

In eukaryotic cells activity of autophagy and UPS are
tightly regulated and coordinated. Thus, impairment of pro-
teasomal degradation can be compensated by upregulation
of autophagy, whereas inhibition of autophagy has been
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proposed to suppress proteasomal degradation.'' We and
others previously demonstrated that this crosstalk can, at
least in part, be mediated by a prototypical autophagic sub-
strate and receptor protein, SQSTMI1. SQSTM1 contains a
ubiquitin-associated (UBA) domain which recognizes sub-
strates targeted for degradation via both autophagy and pro-
teasomal pathways.'> We have also recently demonstrated
that SQSTM1 rapidly shuttles between the cytoplasmic and
nuclear compartments. Although it has been shown that
SQSTM1 is involved in proteasomal degradation of aggre-
gate-prone nuclear proteins, the precise functional role(s) of
SQSTML1 in the nucleus remains to be elucidated."?

Here we show that SQSTMI1 acts as a mechanistic link
between autophagy, the UPS and DNA repair. Nuclear
SQSTM1 facilitates proteasomal degradation of DNA repair
machinery components, including FLNA and RADS51, and
knockout of SQSTM1 increases the rate of DNA repair and
specifically promotes HR. The positive effect of autophagy on
DNA repair is mediated by SQSTM1 and this mechanism may
help to explain the reduced efficiency of DNA repair and an
increased reliance on NHE] in aged cells and tissues, which are
characterized by an impairment in the autophagy pathway.
Additionally, this mechanism helps to link accumulation of
SQSTMI, identified in many human age-related diseases
including neurodegenerative disorders and cancers, with
reduced DNA repair and genome instability."

Results
Nuclear SQSTMT1 colocalizes with DDF

Although the signaling adaptor and autophagic receptor
protein SQSTM1 is known to shuttle between nuclear and
cytoplasmic compartments,'’ its nuclear role is unclear.
Interestingly, we found that SQSTMI associates with
markers of DNA damage. Thus, a fraction of TP53BP1- or
phosphorylated H2AFX (H2A histone family member X;
yH2AFX)-positive DNA damage foci (DDF) induced by 1
Gy X-ray irradiation (IR) in cultured human fibroblasts
contained SQSTM1 (Fig. 1A,B and Fig. S1A). Moreover,
this colocalization was significantly more pronounced upon
inhibition of nuclear export of SQSTM1 by leptomycin B
(Fig. 1A,B and Fig. S1A), suggesting a transient association
of SQSTM1 with DDF. The number of nuclear SQSTM1
foci was only mildly increased by IR (an effect not seen in
the presence of leptomycin B) and did not respond to the
suppression of DDR signaling pathways mediated by ATM
(serine/threonine kinase) and ATR (ATR serine/threonine
kinase) (Fig. SIB-G)."> This constitutive nucleocytoplasmic
SQSTM1 shuttling is in agreement with our previous find-
ing that SQSTMI1 associates with promyelocytic leukemia
bodies.'>'*

Additionally, DDF in mouse liver and intestinal tissues
were found to partially colocalize with SQSTM1 (Fig. S1H).
Nuclear SQSTM1, as well as its colocalization with yH2AX-
positive DDF, was increasingly evident with aging (Fig. 1E-H
and Fig. S1L]). Moreover, dietary restriction (DR), which pro-
motes autophagy and consequently SQSTMI1 degradation,
reduced the frequency of nuclear SQSTM1- and yH2AX-

positive DDF compared to an ad libitum (AL) feeding regi-
men (Fig. 1E-H and Fig. S1L])."” Together these observations
suggest that SQSTM1 is dynamically recruited to DDF and
may play a role in DNA repair. Furthermore, clearance of
nuclear SQSTM1 foci following DR correlates with the reduc-
tion of DDF suggesting a role for SQSTM1 in mediating the
effect of autophagy on DNA repair.

SQSTMT1 suppresses the rate of DNA repair

In order to investigate the role of SQSTMI1 in DNA repair
we subjected SgstmI™* and sqstml™’~ mouse embryonic
fibroblasts (MEFs) to X-ray irradiation and quantified the
number of yH2AFX-positive DDF immediately (5 min) and
300 min after the induction of DNA damage repair.'> The
absence of SQSTMI1 did not affect the number of DDF
immediately after IR suggesting that SQSTM]1 is not involved
in the initial stages of the DDR. However, the number of foci
following repair was reduced in cells lacking SQSTM1
(Fig. 2A,B). In order to track foci dynamics using live-cell
imaging we utilized SqstmI*’" and sqstml~'~ MEFs stably
expressing the DDF marker mCherry-TP53BP1. Cells lacking
SQSTM1 showed a significantly shorter TP53BP1 foci life
span (Fig. 2C,D). Similarly, sqstmI~’~ MEFs subjected to X-
ray irradiation and fixed at different time points showed an
increased TP53BP1 foci resolution compared to wild-type
cells (Fig. 2E and Fig. S2A). As with yH2AX-positive DDF,
absence of SQSTM1 did not affect the frequency of
mCherry-TP53BP1 foci formation after X-ray irradiation
(Fig. 2A-E and Fig. S2A). We also investigated the effect of
SQSTMI1 on DNA repair in response to another genotoxic
agent, the topoisomerase II inhibitor etoposide.'® Similar to
IR treatment, the presence or absence of SQSTM1 did not
affect the initial stages of the response to etoposide, but the
presence of SQSTMI1 was found to delay the clearance of
TP53BP1-positive DDF (Fig. 2F and Fig. S2B). Confirming a
role for SQSTM1 in this process, transient expression of
GFP-SQSTM1 rescued the number of DDF in sqstml ™'~
MEFs, whereas overexpressed GFP-SQSTMI1 increased the
frequency of DDF further (Fig. 2G).

To investigate an effect of SQSTM1 on DNA repair
directly we used a neutral comet assay, which measures the
frequency of DNA breaks.'” Similar to DDF kinetics, the
loss of SQSTM1 enhanced the rate of DNA repair following
etoposide treatment, whereas stable expression of FLAG-
tagged SQSTMI1 could partially suppress the faster rate of
DNA repair observed in sqstml~’~ MEFs (Fig. 2H and
Fig. S2C,D). The partial effect of stably expressing FLAG-
tagged SQSTM1 is likely due to lower expression levels of
the transgenic FLAG-SQSTMI construct compared to the
endogenous protein (Fig. S2C). To investigate the effect of
SQSTM1 on processes downstream of DNA damage, we
knocked down SQSTMI in primary human fibroblasts and
measured the rate at which cells escape cell cycle arrest fol-
lowing IR using a 5-ethynyl-2'-deoxyuridine (EdU) incorpo-
ration assay. In agreement with faster DNA damage
resolution in cells lacking SQSTM1, knockdown of SQSTM1
also facilitated the exit from cell cycle arrest (Fig. S2E-G).
Together, these data indicate that nuclear SQSTM1 reduces
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Figure 1. Nuclear SQSTM1 colocalizes with DDF. (A-D) The colocalization of SQSTM1 and TP53BP1 was analyzed in human fibroblasts (MRC5) exposed to irradiation (IR)
for 0 and 5 h in the absence or presence of leptomycin B (Lepto B) as indicated. Representative images are shown in (A) and the mean number of SQSTM1 (B), TP53BP1
(C) and SQSTM1-TP53BP1 colocalization (D) foci were quantified. (E) Representative images of hepatocytes from young (3-m-old) and old (24-mo-old) male C57BL/6
wild-type mice maintained under ad libitum (AL) diet. Sections were immunostained with antibodies against SQSTM1 and yH2AFX. The mean number of SQSTM1 (F),
yH2AFX (G) and SQSTM1-yH2AFX colocalization (D) foci were quantified in hepatocyte sections from mice maintained under AL or dietary-restricted (DR) diets. Scale
bars: 10 um; n = 3; error bars represent SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

the rate of DNA repair as measured by the frequency of To identify the domain(s) of SQSTMI important for its
yH2AX- and TP53BP1-positive foci and by comet assays function in DNA repair we compared the ability of full-length
and acts as a checkpoint for cell cycle progression following GFP-SQSTMI1 to inhibit the disappearance of DDF with
DNA damage. SQSTM1 mutants lacking either the Phox and Beml (PB1)
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Figure 2. SQSTM1 suppresses resolution of TP53BP1-positive DDF. Representative images (A) and quantification (B) of the mean number of yH2AFX foci in sqstm1~~ and
Sgstm1+/+ MEFs in non-IR and 5 and 300 min following 1 Gy X-ray irradiation. (C-D) sqstm1~~ and Sqstm1*"* MEFs stably expressing mCherry-TP53BP1 were exposed to
0.25 Gy X-ray irradiation and TP53BP1 foci kinetics were monitored by live cell imaging for 300 min. Representative images are shown in (C), the nucleus is marked by a
dotted white border. (D) Kaplan-Meier plot showing the survival of individual TP53BP1 foci in sqstm1~/~ and Sgstm1*/* MEFs following irradiation. Note that 0.25 Gy
was used to induce a low frequency of DDF and facilitate accurate tracking of foci in vivo. Gehan-Breslow test p<0.01. (E) Quantification of the mean number of endoge-
nous TP53BP1 foci in sqstm1~~ and Sqstm17/* MEFs 0-480 min following 1 Gy X-ray irradiation. (F) Quantification of the mean number of endogenous TP53BP1 foci in
sqstm1~/~ and Sqstm 1™+ MEFs following the induction of DNA damage with etoposide (Etop) for 120 min followed either with or without a 300-min recovery period (in
the absence of etoposide). (G) Quantification of the mean number of TP53BP1 foci 300 min after irradiation of sqstm1~~ and Sqstm1*/* MEFs transfected overnight with
control (GFP) or GFP-5QSTM1 plasmids. (H) Sgstm1™* MEFs, sqstm1~/~ MEFs, and sqstm1~’~ MEFs overexpressing FLAG-SQSTM1 were treated with etoposide for
120 min either with or without a 300-min recovery period where indicated. Samples were subjected to neutral comet and the percent tail intensity quantified. (I) Sche-
matic representation of the domain structure of SQSTM1 constructs. Key structural domains are marked: UBA, ubiquitin-associated domain; PB1, Phox and Bem1p domain;
ZnF, ZZ type zinc finger domain; NES, nuclear export signal; NLS1/2, nuclear localization signal. (J) Quantification of the mean number of TP53BP1 foci in sqstml’/’ MEFs
overexpressing the indicated GFP-tagged SQSTM1 mutants 300 min after irradiation. Scale bar: 10 wm. n = 3; error bars represent SEM; NS, not significant; *, p < 0.05; **,
p < 001; ***, p < 0.001.

domain responsible for protein oligomerization (APB1), the Interestingly, while both the PB1 and the UBA domain
UBA domain involved in binding to ubiquitinated substrates appeared to affect the frequency of DDF, the NES was dispens-
(AUBA), or the nuclear export signal (ANES) (Fig. 2I). able suggesting that SQSTM1 does not need to be shuttled



from the nucleus into the cytoplasm to have an effect on this
process (Fig. 2]).

Regulation of DDF resolution kinetics by autophagy
is dependent on SQSTM1

Inhibition of autophagy by knockout of genes encoding ATG7
(autophagy-related 7) and RB1CCI1/FIP200 (RB1 inducible
coiled-coil 1) has previously been demonstrated to suppress
DNA repair.*® We validated these findings using knockout of
another essential autophagy gene, Afg5. Indeed, resolution of
DDF following IR was found to be delayed in cells with consti-
tutive or inducible knockout of Atg5 compared to cells with
functional autophagy (Fig. 3A,B and Fig. S3A,B). Furthermore,
Atg5 knockout prevented efficient clearance of DDF induced
by etoposide treatment (Fig. S3C,D). The initial formation of
DDF was indistinguishable between autophagy-competent and
-defective cells (Fig. 3A,B and Fig. S3A-D) suggesting that the
amount of DNA damage caused by either IR or etoposide is
not different between cell lines. Small, statistically nonsignifi-
cant upregulation of autophagy flux was observed following IR
(not shown).

Since SQSTML1 is one of the most prominent autophagy sub-
strates and can regulate the rate of DNA repair, we next investi-
gated if the effect of autophagy on DNA repair is mediated by
this protein.'® Indeed, knockdown of Sgstml efficiently
increased the clearance of DDF in both wild-type and atg5~/~
cells and, furthermore, loss of autophagy did not have any signif-
icant effect on DDF in the absence of SQSTM1 (Fig. 3C,D and
Fig. S3E). Finally, treatment of cells with the lysosomal inhibitor
bafilomycin A, (Baf) was used as an alternative method of auto-
phagy inhibition, as indicated by an increase in MAP1LC3/LC3
(microtubule-associated protein 1 light chain 3)-phosphatidyl-
ethanolamine conjugate (LC3-II) and SQSTM1 (Fig. 3E and
Fig. S3F,G,H). Autophagy block by Baf suppressed clearance of
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DDF in wild-type but not Sgstm1 knockout MEFs (Fig. 3E and
Fig. S3F,G,H). Together, these data suggest that SQSTML1 is the
key mediator of the effect of autophagy on DNA repair kinetics.

SQSTM1 promotes proteasomal degradation of FLNA
and RAD51

To identify the molecular mechanism(s) by which SQSTM1
regulates DNA repair we next immunoprecipitated SQSTM1
from nuclear fractions. A band of approximately 250 kDa was
evident specifically in the nuclei from IR-leptomycin B-treated
cells (Fig. S4A). Mass spectrometry analyses identified FLNA,
previously shown to be required for the recruitment of HR pro-
tein RAD51 to the sites of DNA damage and for the efficient
clearance of DDF, as the most enriched protein in this sample.
In immunoprecipitation assays we could confirm interactions
of SQSTM1 with endogenous FLNA and RAD51 and GFP-
FLNA with endogenous SQSTM1 and RAD51 taking place spe-
cifically in nuclei exposed to IR-induced DNA damage (Fig. 4A,
B)."*! Interestingly, nuclear but not cytoplasmic levels of
FLNA and RAD51 were found to be increased in sqstml ™/~
MEFs compared to sqstm1~’~ MEFs stably expressing FLAG-
SQSTM1 (Fig. 4C,D and Fig. $4B,C). Nuclear levels of SQSTM1
were elevated following IR suggesting its translocation to or
retention in the nucleus in response to DNA damage (Fig. 4C).
The detection of increased levels of FLNA and RAD5I in
sqstmI~'~ MEFs suggests that SQSTM1 may have a role in
the degradation of these proteins. In agreement with our data
indicating that nuclear export of SQSTM1 is not required for
its effect on DDR (Fig. 2]), treatment with leptomycin B
increased basal levels of FLNA and RAD51 but did not cancel
the differences between SgstmI*™™ and sqstml™'~ MEFs
(Fig. 4E-G). In contrast, the proteasomal inhibitor MG132
completely removed the difference in FLNA and RADS51
between the cell lines, suggesting that SQSTM1 plays a role in
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Figure 4. SQSTM1-dependent proteasomal degradation of FLNA and RAD51 regulates DNA repair. (A) sqstm1~~ MEFs, stably expressing FLAG-SQSTM1 (sqstm1~/
~+FLAG-SQSTM1) were irradiated where indicated and 60 min later nuclear fractions were subjected to anti-FLAG IP. The interaction of FLAG-SQSTM1 with endogenous
FLNA and RAD51 was detected by immunoblotting. (B) HeLa cells transfected with GFP-FLNA were irradiated, where indicated, and 60 min later nuclear fractions were
subjected to anti-GFP IP. The interaction of GFP-FLNA with endogenous SQSTM1 and RAD51 was detected by immunoblotting. (C-D) sqstm1~'~ and Sqstm1~/~+FLAG-
SQSTM1 MEFs were irradiated and subjected to cellular fractionation at the time points indicated. Nuclear (C) and cytoplasmic (D) fractions were analyzed for FLNA,
RAD51, SSQTM1 and LMNB?1 as a loading control. Quantification of blots can be found in Fig. $4B-C. (E-G) sqstm1~~ and sqstm1~/~+FLAG-SQSTM1 MEFs were pre-incu-
bated with MG132 or leptomycin B (Lepto B) for 3 h where indicated. Cells were irradiated with 1 Gy X-ray irradiation and incubated in the presence of MG132 or lepto-
mycin B for a further 60 min. Nuclear fractions were analyzed for FLNA ((E)and F) and RAD51 ((E)and G) levels and quantified relative to LMNB1. n = 3; error bars

represent SEM; NS, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

promoting proteasomal degradation of these proteins (Fig. 4E-
G). In agreement with our observations that SQSTM1 acts on
DNA repair downstream of autophagy, increased nuclear lev-
els of SQSTM1 in atg5~'~ MEFs compared to wild-type cells
following IR correlated with reduced levels of RADS51
(Fig. $4D). In agreement with the above data, treatment with
MGI132 cancelled the difference in RAD51 levels between
Atg5™* and atg5~~ MEFs (Fig. 4E-G and Fig. $4D). Immu-
nofluorescence experiments suggested dynamic interaction
between SQSTM1 and RAD5I in nuclear foci (Fig. S4E-H)
potentially contributing to the SQSTMI-dependent degrada-
tion of RAD51. Indeed, re-expression of SQSTMI in sqstmI ™’
~ MEFs reduced the numbers of RAD51 foci following DNA
damage (Fig. S5A,B).

Having established that SQSTM1 influences the nuclear levels
of FLNA and RADS51, we next investigated whether FLNA medi-
ates the effect of SQSTM1 on DNA repair. Hence, we knocked
down FLNA in sgstml™~ MEFs with and without stably
expressed FLAG-SQSTM1 (Fig. 5A) and examined its effect on
RAD51 and TP53BP1 foci following X-ray irradiation. Both re-
expression of SQSTMI in sgstml~'~ MEFs (which decreased
nuclear levels of FLNA, Fig. 5A) and knockdown of Flna,
reduced the frequency of RAD51-positive DDF (Fig. 5B and
Fig. S5C). Therefore, SQSTM1 has an inverse effect on RAD51-
and TP53BP1-positive foci (Fig. 2E and Fig. 5B), suggesting that
slower resolution of TP53BP1 foci and reduced DNA repair
results from an impaired recruitment of RAD51 to the sites of
DNA damage. Indeed, knockdown of Flna prevented increased
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Figure 5. FLNA-dependent effect of SQSTM1 on DNA repair. (A) A representative blot of Fina siRNA in sqstm1~"~ and sqstm1~/~4+FLAG-SQSTM1 MEFs. (B-C) Quantifica-
tion of the mean number of RAD51 (p<0.05 at 60 and 120 min when comparing sqstmlf/* Sc siRNA to all other conditions) (B) and TP53BP1 (C) foci at the indicated
times following irradiation in sqgstm1~/~ and sqstm1~/~+FLAG-SQSTM1 MEFs treated with control or Fna siRNA. (D) Schematic illustration of the HR and NHEJ reporter
systems. A GFP gene containing a killer intron and |-Scel recognition site integrated into normal human skin fibroblast cells. Upon I-Scel transfection, a DSB is produced
that can be repaired by NHEJ or HR leading to production of active GFP. (E) Human skin fibroblasts with integrated HR reporter were transfected with I-Scel plasmid along
with the indicated siRNA and analyzed 2 d later by flow cytometry. Quantification of the percentage of GFP vs DsRed is shown. (F) Human skin fibroblasts with integrated
NHEJ reporter were transfected with I-Scel plasmid along with the indicated siRNA and analyzed 2 d later by flow cytometry. Quantification of the percentage of GFP vs
DsRed is shown. n = 3; error bars represent SEM; NS, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

clearance of TP53BP1 DDF caused by the loss of SQSTM1
(Fig. 5C and Fig. S5D) suggesting that FLNA also mediates the
effect of SQSTM1 on TP53BP1 foci resolution.

Because TP53BP1 and RAD51 promote NHE] and HR,
respectively, we hypothesized that nuclear SQSTM1 facilitates
NHEJ at the expense of HR.'” In order to test this possibility,
we used 2 reporter systems allowing a direct measure of each of
these types of DNA repair (Fig. 5D).** In agreement with the
above data, knockdown of SQSTM]I resulted in an increased
HR and reduced NHE] efficiency (Fig. 5E,F).

In conclusion, our data indicate that SQSTMI1 suppresses
RAD51-mediated HR by promoting proteasomal degradation
of FLNA (Fig. 6). This mechanism also underlies the positive
role of autophagy on DNA repair as autophagy deficiency, e.g.
due to aging, leads to SQSTM1 accumulation impairing the
efficiency of HR and reducing the rate and, potentially, quality
of DNA repair (Fig. 6).

Discussion

Although autophagy and the UPS play an important role in the
maintenance of a functional proteome and genome, the

underlying mechanisms connecting these processes remain
poorly understood. Here, we propose a model by which
SQSTM1 connects autophagy- and proteasome-mediated pro-
tein degradation with DNA repair. Cytoplasmic degradation of
SQSTM1 via the autophagy pathway reduces its nuclear levels
and, in turn, promotes HR and increases the rate of DDF clear-
ance and DNA repair. Our data indicate that this SQSTM1-
dependent mechanism is both necessary and sufficient to medi-
ate the effect of autophagy on DNA repair suggesting that
SQSTM1 is the key molecular link between protein and DNA
homeostasis.

Interestingly, transport of SQSTM1 from the nucleus to the
cytoplasm is not required for its function in the DDR suggest-
ing that it does not act by transporting nuclear proteins for
autophagic degradation. We have previously observed that
SQSTM1 can mediate proteasomal degradation inside the
nucleus and here we identified FLNA and RADS51 as substrates
of SQSTM1-dependent proteasomal degradation."” These pro-
teins appear to act downstream of SQSTM1 and mediate the
effect of SQSTM1 on DDR. FLNA has previously been impli-
cated in RAD51-dependent DNA repair by promoting the for-
mation of DDF associated with HR.*' Our data indicate that
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Figure 6. Diagrammatic representation of the role of SQSTM1 in DDR. Following DNA damage, FLNA provides a scaffold to support recruitment of RAD51 and promote
DNA repair. We have demonstrated that SQSTM1 can interact with and facilitate the proteasomal degradation of FLNA following DNA damage (induced herein by X-ray
irradiation). High levels of nuclear SQSTM1 increased degradation of FLNA, which negatively affected RAD51 recruitment to the sites of DNA damage and therefore
increased the amount of time required for DNA damage to be fully resolved. These results have important implications for aging as SQSTM1 levels are carefully regulated
by its own turnover via autophagy and proteasomal degradation; perturbation of both have been demonstrated in aging models. Changes in nuclear levels of SQSTM1
could directly contribute to defects in the DDR, further compounding aging-related pathologies. Inverse correlations between autophagy and SQSTM1, nuclear levels of

FLNA and SQSTM1 as well as RAD51 and DNA damage are illustrated by the chart.

SQSTMI-dependent proteasomal degradation of FLNA also
results in degradation of RAD51 leading to the suppression of
DDR mediated by this protein. Therefore, stabilization of
SQSTM1, e.g., due to autophagy impairment, leads to the inhi-
bition of RAD51-dependent DNA repair by HR and accumula-
tion of DDF. The exact mechanism by which SQSTM1
regulates TP53BP1 foci and NHE] is currently unclear. How-
ever, the effect of SQSTM1 on TP53BP1 is also dependent on
FLNA suggesting that the changes in NHE] may be a second-
ary, compensatory reaction to the changes in HR. Overall, the
proposed model (Fig. 6) can explain, at least in part, how auto-
phagy inhibition leads to an accumulation of DNA damage and
genomiic instability, and contributes to age-related deterioration
of cellular function and tumorigenesis.*>**

The role of autophagy as a DNA repair-promoting cellular
pathway as observed here is in agreement with published
reports.”® Additionally, SQSTM1 has been proposed as a link
between autophagy and DDR, although the function of
SQSTM1 in DNA repair was unknown and results presented
here conceptually extend our understanding of the role of auto-
phagy as a mechanism of genome integrity maintenance.” As
an alternative to our identified mechanism linking autophagy
and DNA repair pathways, a mechanism involving the degra-
dation of CHEK1 by autophagy has recently been suggested to
regulate DNA repair.* We did not observe a significant effect of
autophagy perturbations on CHEK]1 levels in our experimental
conditions (not shown). However, it is important to note that
our study used low levels of genotoxic agents to facilitate quan-
tification of individual DDF and thus it is possible that more
pronounced changes in signaling pathways downstream of
DDR would become evident with more severe DNA damage.

Importantly, the careful quantitative analyses outlined in our
study clearly demonstrate that autophagic degradation of
SQSTML is sufficient to explain the role of autophagy in DNA
repair processes. Our observations also help to explain how
autophagy inhibition may result in an increased dependence on
NHE] at the expense of HR as observed by others.* Indeed,
based on the evidence provided here we suggest that autophagy
promotes HR by reducing the levels of SQSTM1. Moreover,
SQSTML is responsible for the net outcome of autophagy per-
turbation the overall impairment of DNA damage repair. Nev-
ertheless, there are a number of open questions remaining,
including about the regulation of SQSTMI1 nucleocytoplasmic
shuttling in response to DNA damage, which will be a subject
of future investigations.

The physiological relevance of our findings is suggested by
our observations in aging tissues. Aging is characterized by a
gradual impairment of cellular homeostatic pathways such as
those involved in protein degradation including autophagy and
the UPS (reviewed in refs.”>*®) Reduced genome stability is
another important factor underlying age-related functional
decline and contributes to prevalent diseases such as cancer
and neurodegeneration. One key question in the field of aging
research is how perturbations in protein homeostasis may lead
to age-related genomic instability. Our data provide a new
mechanistic link between pathways regulating protein and
DNA quality control. Autophagy has been proposed to decline
during aging, which would consequently lead to the accumula-
tion of SQSTMI, both in the cytoplasmic and, as observed in
this report, nuclear compartments. We hypothesize that stabili-
zation of nuclear SQSTMI in aging tissues would also affect
DNA repair mechanisms and prevent efficient clearance of



DDF. Nuclear SQSTM1 can also serve as a cell cycle checkpoint
protein suppressing proliferation of old cells with an
impairment of autophagy. Decreased DNA damage has been
shown in the liver following short-term DR, however, the
mechanisms are not yet understood.”” Our data, suggest that
these effects may be mediated, at least in part, by DR-induced
autophagic degradation of SQSTM1 thus facilitating DNA
damage repair and maintaining a functional genome.

Materials and methods
Animals

All mice were inbred C57BL/6 (Harlan, Blackthorn UK). Ethi-
cal approval was granted by the LERC Newcastle University,
UK. The work was licensed by the UK Home Office (PPL 60/
3864) and complied with the guiding principles for the care
and use of laboratory animals. Mice were housed in same-sex
cages in groups of 4 to 6 (56 x 38 x 18 cm, North Kent Plas-
tics, mouse cage RC1) and individually identified by an ear
notch. Mice were housed at 20 &= 2°C under a 12-h light/12-h
dark photoperiod with lights on at 7:00 a.m.. The diet used was
standard rodent pelleted chow (CRM [P]; Special Diets Serv-
ices, 801722) for ad libitum (AL)-fed mice and the same diet,
but as smaller pellets, were offered to dietary restricted (DR)
mice. DR mice were offered 60% of AL intake (calculated based
on average food intake in 90 control AL mice between 5 and 12
months of age) as one ration at 9:30 a.m. daily. All mice were
fed AL until 3 mo of age and then split into AL or DR groups,
matched for body mass and food intake.

Cell culture

Human embryonic lung MRC5 fibroblasts and HeLa cells were
obtained from European Collection of Authenticated Cell Cul-
tures (ECACC 05011802 and 93021013) and HEK 293FT were
purchased from Life Technologies (R700-07). Sgstm1 knockout
(sgstmI~'") and wild type (SgstmI™’") mouse embryonic fibro-
blasts (MEFs) were kindly provided by Dr. Eiji Warabi of the
University of Tsukuba.'” Atg5-deficient (atg5~'~) and wild-
type (Atg5™*) MEFs and M5-7 MEFs were kindly provided by
Dr Noboru Mizushima (University of Tokyo).”*** All cells
were grown in Dulbecco’s modified Eagle’s medium (Sigma,
D6546) supplemented with 10% heat-inactivated fetal bovine
serum (Biosera, FB-1001H), 5% penicillin/streptomycin (Invi-
trogen, 15140122) and 2 mM L-glutamine (Sigma, 59202C) in
a humidified atmosphere containing 5% CO, at 37°C. Auto-
phagy was abolished in M5-7 MEFs by treating with 1 pg/ml
tetracycline for at least 4 d. HEK 293FT cells were maintained
in 500 pg/ml G418 (Sigma, A1720) prior to transfection.

Drug treatments and X-ray irradiation

Cells were treated with 1 M etoposide (Sigma, E1383) for 2 h
to induce DNA damage, the medium was then replenished
(without etoposide) and cells were allowed to recover for 5 h
before downstream processing. Cells were incubated with
20 nM leptomycin B (Cell Signaling Technology, 9676) for 1 h
to inhibit nuclear protein export. Autophagic flux was inhibited
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by treatment with bafilomycin A, (Enzo, BML-CM110-0100)
at 100 nM for duration of the experiment. Proteasomal inhibi-
tion was achieved by treatment with 10 uM MG132 (Sigma,
C2211) for 4 h. DNA damage was induced using X-Rad 225
(General Electric) at the doses indicated; media was refreshed
immediately after irradiation.

Plasmids

pEGFP-SQSTM1, pEGFP-APBISQSTM1, pEGFP-ANESSQST
M1 and pEGFP-AUBASQSTMI1 constructs were previously pub-
lished.”® FLAG-SQSTM!1 was kindly provided by Dr. Robert Lay-
field (University of Nottingham, Nottingham, UK).'****! pLKO-
puro GFP was kindly provided by Dr. Simon Wilkinson (Edin-
burgh Cancer Research Center, University of Edinburgh). pG-
AcGFP-53BP1c has been described previously.*

Cloning

For lentiviral expression full-length wild-type FLAG-tagged
SQSTM1 was subcloned into the pLenti6-UbC/V5-DEST vec-
tor (ThemoFisher Scientific, V49910) using EcoRI and Xhol
(New England BioLabs, R0101, R0146). Briefly, FLAG-
SQSTM1 and pLENTI6/V5-DEST vector were digested with
EcoRI and Xhol prior to gel purification using Qiaquick GEL
Extraction Kit (Qiagen, 28704). The vector was dephosphory-
lated by calf intestinal alkaline phosphatase (Fermentas,
EF0651) and the ligation with FLAG-SQSTM1 was carried out
using T4 DNA Ligase (New England BioLabs, M0202S).
mCherry-53BP1c for lentiviral expression was generated as fol-
lows: a 2.7-kb C-terminal portion of TP53BP1 (53BPI1c), was
excised from pAcGFP-53BP1c,” using BamHI and Xhol and
ligated into pENTR2B (Invitrogen, A10463) to create
pENTR2B-53BP1c. The sequence for mCherry fluorescent pro-
tein was amplified via PCR from pRSETB-mCherry,** incorpo-
rating Sall sites at both ends and a 5 amino acid linker at the 3’
end.’” This product was ligated into pPENTR2B-53BP1c Sall site
in frame 5 of 53BPlc. A correct, sequence-verified clone was
then recombined into pLenti6-UbC/V5-DEST using LR Clo-
nase following the manufacturer’s instructions (Invitrogen,
11791100) to produce pLenti6-mCherry-53BP1c.

Transformations

All bacterial transformations for transiently expressed plasmids
was performed using a-select GOLD Efficiency chemically compe-
tent cells (Bioline, BIO-85027) and grown overnight at 37°C. Bac-
teria transformations for lentiviral plasmids was performed in NEB
stable Competent E. coli (High Efficiency; New England BioLabs,
C3040H) and grown at 30°C for 24 h. DNA was purified using
PureYield Plasmid Midiprep System (Promega, A2492).

Transfections

Cells were transfected using polyethylenimine (PEI) (Sigma,
408727) as described in Shaner et al or Lipofectamine 2000
(Life Technologies, 11668) according to the manufacturer’s
protocols for 24 h prior to lysis or fixation.**
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Lentiviral transductions

Lentivirus particles were generated in HEK293FT following the
manufacturer’s protocol (Life Technologies, R7007). GFP and
Sqstm1 shRNA (Dharmacon, RHS4459 and
TRCN0000098618) was stably introduced into MRC5 and
FLAG-SQSTM1 was stably re-introduced into sqstm1~'~ MEFs
through lentiviral transduction. HEK 293FT cells were seeded
in antibiotic-free medium supplemented with 0.1 mM MEM
nonessential amino acids (Thermo Fisher Scientific, 11140050)
and then cotransfected with either lentiviral expression vectors
and 2™ generation (for pKLO shRNA vectors) or 3™ genera-
tion (for pLenti vectors) packaging system plasmids (Thermo
Fisher Scientific, K497500). After 24 h, media was replaced
with fresh media without antibiotics. Forty-eight h after trans-
fection, viral transduction was performed by transferring media
from HEK 293FT cells to 70% confluent MRC5 or Sgstml
knockout (sqstm1~'~) MEFs in the presence of 6 ug/ml Poly-
brene (Sigma, H9268). Media containing virus was replaced
after 24 h with fresh media containing 8 pg/ml of blasticidin
(Invitrogen, A1113903) for selection of transduced cells. Media
was replaced every 2-3 d for 10-12 d by keeping the antibiotic
selection. Transduced MEFs were then maintained in lower lev-
els of blasticidin (4 ng/ml) until seeding for experimental pur-
poses. Transduced MRC5s were then maintained in lower
levels of puromycin (Gibco, A1113803; 0.5 ;1g/ml) until seeding
for experimental purposes

siRNA

ON-TARGETplus SMARTpool siRNA against mouse Sgstml
(L-047628-01), Flna (L-058520-01) and nontargeting SMART-
pool siRNA (D-001810-04) were purchased from Dharmacon.
Final siRNA concentrations of 100 nM were used for 96 h for
silencing, and transfections were carried out using Lipofect-
amine 2000 as per company instructions.

Immunofluorescence

Cells were grown in 12- or 24-well plates on sterile cover slips
(30,000 cells/ml 48 h). Following treatment, cells were fixed for
8 min in 2% formaldehyde, permeabilized and blocked in PBG-
Triton buffer (0.5% BSA [Sigma, 05482], 0.2% cold water fish
skin gelatin (Sigma, G7765), 0.5% Triton X-100 (Sigma, X100)
in phosphate-buffered saline [PBS; Cell Signaling Technology,
9808]) for 45 min. Cells were incubated with primary antibody:
guinea pig SQSTM1 (Progen, GP-62-C; 1:200), rabbit TP53BP1
(Cell Signaling Technology, 4937, 1:200), rabbit RAD51 (Mili-
pore, ABE257; 1:500), in PBG-Triton buffer at 4°C overnight,
washed 3 times in PBG-Triton and incubated with appropriate
secondary antibodies conjugated to Alexa Fluor® 488/594/647
(Invitrogen, A-11029, A-11020, A-21237, A-11034, A-11037,
A21244, A-11076; 1:2000) in PBG-Triton for 1 h at room tem-
perature. Cells were then washed 3 times in PBS and mounted
using ProLong Gold (Life Technologies, P3690).

Paraffin sections were deparaffinized with Histoclear (Fisher
Scientific, HS-202-1GAL) and ethanol, and antigen was
retrieved by incubation in 0.01 M citrate buffer, pH 6.0 at 95°C
for 20 min. Slides were incubated in 0.9% H,O, for 30 min and

subsequently placed in blocking buffer (0.1% BSA in PBS,
including 5% normal goat serum (Vector Lab, S1000]) for 30-
60 min at room temperature. Livers were further blocked with
Avidin/Biotin (Vector Lab, SP-2001) for 15 min each. Primary
antibody (rabbit yH2AFX 1:200 in blocking buffer; Cell Signal-
ing Technology, 9718,) was applied overnight at 4°C. Slides
were washed 3 times with PBS and incubated for 30 min with
secondary antibody (Vector Lab, PK-4001). Slides were washed
3 times with PBS and incubated with Fluorescein Avidin DCS
(Vector Lab, A-2011; 1:500 in PBS), which was applied for
20 min. Slides were washed 3 times with PBS and incubated for
30 min with blocking buffer. Second primary antibody (guinea
pig SQSTMI; Progen, GP-62-C; 1:100 in blocking buffer) was
applied overnight at 4°C. Slides were washed 3 times with PBS
and incubated for 30 min with secondary antibody (anti-guinea
pig Alexa Fluor® 594; Invitrogen, A-11076; 1:2000 in blocking
buffer). Sections were stained with DAPI for 5-10 min and
mounted in Vectashield mounting medium (Vector Lab, H-
1200).

Cells were imaged with a Leica DM 5500B Widefield Micro-
scope through an HCX PL APO 100x/1.40-0.70 or oil HCX PL
APO 40x/1.25 oil objective using a Leica DFC 360 FX camera.
Alternatively, for colocalization analysis and live cell imaging
analysis, images were captured using a Zeiss CellObsever spin-
ning disk confocal microscope equipped with: CSUX1 spinning
disk confocal head (Yokogawa), and Quant EM CCD (Photo-
metrics), using a 405, 488 and 561 nm lasers and 63x 1.4NA
objective (Zeiss) driven by Axiovision software (v4.8.1, Zeiss,
Cambridge, UK).

EdU incorporation

EdU incorporation was performed for 24 h prior to the detec-
tion with the Click-IT EdU Alexa Fluor 594 Imaging Kit (Invi-
trogen, C103339) following the manufacturer’s instructions.

Cellular fractionations

Cellular fractionation was carried out as in ref.” Briefly, 6 x 10°
cells were seeded on 10-cm dishes 48 h prior to collection. Cells
were washed in ice-cold PBS, scraped in 1 ml ice-cold PBS and
centrifuged for 10 sec at 17,900g at 4°C. The supernatant frac-
tion was aspirated and cells were resuspended (triturated 5 times)
in 1 ml ice-cold 0.1% NP40 (Sigma, 18896) in PBS. 200 uL was
collected in a fresh tube (whole cell sample). Samples were
centrifuged again for 10 sec at 17,900g at 4°C and the superna-
tant fraction, which represents the cytoplasmic fraction, was col-
lected in a fresh tube. The pellet was resuspended (triturated
once) in 1 ml ice-cold 0.1% NP40 in PBS. Samples were centri-
fuged for 10 sec at 17,900g at 4°C, the supernatant fraction was
discarded and the nuclear pellet fraction was processed as
described below.

For immunoblot: Whole cell samples and cytoplasmic frac-
tions were mixed 3:1 with 4x Laemmli sample buffer (Bio-Rad,
161-0747), sonicated using a microprobe for 5 sec on ice and
boiled at 100°C for 5 min in the presence of 2.5% B-mercaptoe-
thanol (B-ME; Sigma, M6250). Nuclear pellets were resus-
pended in 200 L 1x Laemmli sample buffer, sonicated using a
microprobe for 5 sec on ice and boiled at 100°C for 5 min in



the presence of 2.5% B-ME then centrifuged for 10 min at
17,900g at 4°C and transferred to a new tube.

For immunoprecipitation: The nuclear pellet fractions were
resuspended in 200 uL IP buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 2 mM MgCl,, 1 mM CaCl,, 0.1% Tween 20 (Sigma,
P1379), 0.5% Triton-X100 and 2x Halt Protease & Phosphatase
inhibitor cocktail [Thermo Scientific, 1861280]). The samples
were sonicated using a microprobe for 5 sec on ice and boiled
at 100°C for 5 min in the presence of 2.5% B-ME. Samples
were then centrifuged for 10 min at 17,900g at 4°C and trans-
ferred to a new tube. The immunoprecipitation protocol was
then preformed as described below.

Immunoprecipitation

Cells were seeded at 6 x 10° in a 10-cm dish and transfected as
described above 24 h later. Following another 24 h, nuclear
fractions were prepared as described above.

For FLAG-tagged protein: Lysates were incubated with pre-
washed and equilibrated anti-FLAG M2 magnetic beads
(Sigma, M8823) for 2 h at 4°C with constant rotation. Beads
were washed twice with lysis buffer and the affinity-isolated
protein was eluted from the beads by incubation with 25 ul
0.2 M glycine-HCI, pH 2.5, for 10 min at room temperature.
Eluent was neutralized by the addition of 2.5 ul Tris-HCI, pH
8.8. The samples were then mixed with sample buffer and
boiled at 100°C for 5 min in the presence of 2.5% B-ME before
being subjected to SDS-PAGE and immunoblot.

For GFP-tagged protein: Lysates were incubated with 3 ul
anti-GFP rabbit serum (Life Technologies, A-6455) for 1 h at
4°C with constant rotation. Lysates were then incubated with
20 pl pre-washed protein A Sepharose beads (Generon, PC-
A5) for 1 h at 4°C with constant rotation. Beads were then
washed twice in IP buffer, mixed with sample buffer and boiled
at 100°C for 5 min in the presence of 2.5% B-ME. Samples
were centrifuged for 10 min at 17,900g at 4°C and transferred
to a new tube. Samples were then subjected to SDS-PAGE and
immunoblot.

To demonstrate the levels of proteins in cell lysates used for
immunoprecipitation, 5% of cell lysates were loaded per lane
and indicated as “Input.”

Immunoblotting

Cells were seeded in 6-well plates 48 h prior to treatments.
After treatments, cells were washed in ice-cold PBS and then
lysed in RIPA buffer (150 mM NaCl, 1% NP40, 0.5% sodium
deoxycholate (Sigma, D6750) 0.1% SDS (ThermoFisher Scien-
tific, AM9820), 50 mM Tris, pH 7.4, supplemented with 2x
Halt Protease & Phosphatase inhibitor cocktail). Cell lysates
were centrifuged at 4°C at 17,900g for 10 min to remove insolu-
ble cellular components. Protein concentration was measured
using the DC Protein Assay Kit I (Bio-Rad, 500-0112) and a
FLUOstar Omega plate reader (BMG Labtech). Samples were
prepared by diluting in SDS-Loading buffer (Bio-Rad, 161-
0747) and boiled at 100°C for 5 min in the presence of 2.5%
B-ME. Protein (20-30 pg) was analyzed by SDS-PAGE and
western blot; briefly, samples were separated on 5-15% Tris-
glycine gels and transferred to Immobilon®-P (Millipore,
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IPVH00010) membrane using a Trans-Blot® Semi-Dry transfer
apparatus (Bio-Rad). Blots were incubated with a blocking
solution (PBS containing 5% fat-free milk, 0.1% Tween 20) for
1 h at room temperature. Blots were incubated with primary
antibodies diluted in blocking solution at 4°C overnight. The
following primary antibodies were used: rabbit ATG5 (Sigma,
A0856; 1:1000), mouse FLAG M2 (Sigma, F1804; 1:2000), rab-
bit GAPDH (Cell Signaling Technology, 5174; 1:1000), rabbit
LC3B (Cell Signaling Technology, 3868; 1:1000), guinea pig
SQSTM1 (Progen, GP-62-C; 1:1000), rabbit RAD51 (Millipore,
ABE257; 1:1000), rabbit FLNA (Cell Signaling Technology,
4762; 1:1000), mouse «-tubulin (Developmental Studies
Hybridoma Bank, 12G10; 1:10,000), rabbit LMNBI1 (lamin B1;
Abcam, ab16048; 1:5000). Blots were incubated with appropri-
ate secondary antibodies conjugated to horseradish peroxidase
(anti-guinea pig: Dako, P0141; anti-mouse: Sigma, A2554; anti-
rabbit: Sigma, A0545) for 1 h at room temperature. Clarity
western ECL substrate (Bio-Rad, 170-5061) was used to visual-
ize chemiluminescence on LAS4000 (Fujifilm). Quantification
of blots was carried out using ImageJ (v1.45j, http://rsb.info.
nih.gov/ij/).

Neutral comet assays

Cells were trypsinized and frozen in 10% DMSO in fetal bovine
serum and stored at —80°C prior to downstream processing.
Cells were washed in cold PBS and resuspended in 0.7% Low
Melting Point agarose (Sigma, A9414) at 37°C to a concentra-
tion of 2 x 10” cells/ml. Cell/agarose mix (70 ul) was placed on
slides previously coated in 1% agarose. Slides were incubated in
lysis buffer (2.5 M NaCl, 100 nM EDTA, 10 nM Tris, pH 10,
250 nM NaOH, 10% DMSO, 1% Triton X-100) for 1 h at 4°C.
Slides were then washed twice in cold PBS.

Samples were subjected to electrophoresis for 30 min at 25 V
at 4°C in Tris-borate EDTA buffer (Sigma, T3913). Slides were
then washed twice in cold PBS and stained with Sybr Gold
(Life Technologies, S11494) in Tris-borate EDTA buffer for
45 min. Slides were washed twice in MilliQ water and allowed
to dry. Samples were imaged using an Olympus BX51 widefield
microscope with Olympus UPlanFL 20x/0.50 air objective.
Comets were scored using Comet assay IV (Perceptive Instru-
ments). For each sample, 100 randomly captured comets (50
cells on each of 2 comet slides) were quantified.

Time-lapse imaging of TP53BP1 DNA damage foci

sqstm1~'~ and SqstmI*’* MEFs, stably expressing mCherry-
53BP1c were seeded on a 35-mm glass bottomed dish (Ther-
moFisher Scientific, 150680) 48 h prior to treatment. Cells were
irradiated with 0.25 Gy X-ray irradiation and immediately
transferred to the heated, XLmulti S1 humidified stage (95%
air, 5% CO,) of a Zeiss CellObsever spinning disk confocal for
imaging. Images were captured using a 561-nm laser and 40 x
1.3NA objective (Zeiss) driven by Axiovision software (v4.8.1,
Zeiss, Cambridge, UK). Z-stacks encompassing the entire cell
were taken every 10 min for 8 h. Maximum projections were
created and the number of TP53BP1 foci were tracked manu-
ally using Image] (NIH v1.45j, http://rsb.info.nih.gov/ij/).
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Mass spectrometry analyses

Excised bands were digested in-gel and the resulting tryptic
peptides analyzed by LC-MSMS using an Orbitrap XL (Themo
Scientific) coupled to a nanoAcquity (Waters). MSMS data
were acquired in a top 6 DDA fashion and raw files were proc-
essed in Proteome Discover v1.4 using the Sequest search
engine against a Uniprot human database (downloaded
030314, 68,710 entries). CAM cysteine was set as a fixed modi-
fication with oxidized methionine and deamidated asparagine-
glutamine as potential variable modifications. FDR calculations
were performed using Percolator with peptides filtered to 0.01
FDR.

NHEJ and HR reporter assays

NHE] and HR reporter assays were carried out as described in
refs. 36-38. Briefly, normal human skin fibroblasts (HCA2)
immortalized by hTERT (from Dr. ]. Campisi, The Buck
Institute for Research on Aging, USA) carrying chromosom-
ally integrated NHEJ and HR reporters®® were transfected
with 20 uM of the indicated siRNA for 48 h using Amaxa
Nucleofector (T20 program). Forty-eight h after the second
round of transfection with a mixture of 3 ug I-Scel-expressing
plasmid (Addgene, 26477; deposited by Dr. Maria Jasin),
0.1 pg pDsRed2-N1 (Clontech, 632406) and 20 uM of the
indicated siRNA, cells were harvested and analyzed by flow
cytornetry.3 6-38

Quantification and statistical analysis

Quantifications were performed by blind scoring of slides as
described previously.”> A constant threshold was applied to all
the images in the z-stack, and for every image within each
experiment. Following application of the colocalization plug-in,
all channels were projected (max) and quantified using the
Analyze particle plugin (particles 5 pixels and above were
included). Quantification was carried out on 30-50 cells per
condition. Quantification of immunoblots was carried out
using Image] software (NIH v1.45j, http://rsb.info.nih.gov/ij/).
Two-tailed, paired or unpaired Student ¢ tests were carried out
on experimental data from at least 3 individual experiments
using Excel. A one-way Anova was used for multiple compari-
sons between groups using Sigma Plot.

Abbreviations

AL ad libitum

ATG5 autophagy-related 5

ATG7 autophagy-related 7

ATM ATM serine-threonine kinase
ATR ATR serine/threonine kinase
Baf bafilomycin A

CHEK1 checkpoint kinase 1

CMA chaperone-mediated autophagy
DDF DNA damage foci

DDR DNA damage response

DR dietary restricted

EdU 5-ethynyl-2’-deoxyuridine

FLNA filamin A

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

GFP green fluorescent protein

yH2AFX H2A histone family member X;
phosphorylated

HPRT1 hypoxanthine phosphoribosyltrans-
ferase 1

IR X-ray irradiation

MAPILC3A-II/LC3A-II

microtubule-associated protein 1
light chain 3 «; phosphatidyletha-
nolamine conjugate

NES nuclear export signal

NHE] nonhomologous end joining
B-ME B-mercaptoethanol

MEFs mouse embryonic fibroblasts
PB1 Phox and Bem1 domain
RADS51 RADS51 recombinase
RB1CC1/FIP200 RBI inducible coiled-coil 1
SQSTM1/p62 sequestosome 1

TP53BP1 tumor protein p53 binding protein 1
UBA ubiquitin-associated domain
UPS ubiquitin-proteasome system
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