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ABSTRACT ARTICLE HISTORY
Macroautophagy/autophagy is a central component of the cytoprotective cellular stress response. To Received 24 October 2018
enlighten stress-induced autophagy signaling, we screened a human kinome siRNA library for regulators ~ Revised 11 December 2019
of autophagic flux in MCF7 human breast carcinoma cells and identified the catalytic subunit of DNA-  Accepted 26 December 2019
dependent protein kinase PRKDC/DNA-PKcs as a positive regulator of basal and DNA damage-induced KEYWORDS

autophagy. Analysis of autophagy-regulating signaling cascades placed PRKDC upstream of the AMP- AMPK; autophagy; lysosome;
dependent protein kinase (AMPK) complex and ULK1 kinase. In normal culture conditions, PRKDC interacted metabolism; PRKDC;

with the AMPK complex and phosphorylated its nucleotide-sensing y1 subunit PRKAG1/AMPKy1 at Ser192 signaling

and Thr284, both events being significantly reduced upon the activation of the AMPK complex. Alanine

substitutions of PRKDC phosphorylation sites in PRKAG1 reduced AMPK complex activation without affect-

ing its nucleotide sensing capacity. Instead, the disturbance of PRKDC-mediated phosphorylation of PRKAG1

inhibited the lysosomal localization of the AMPK complex and its starvation-induced association with STK11

(serine/threonine kinase 11). Taken together, our data suggest that PRKDC-mediated phosphorylation of

PRKAG1 primes AMPK complex to the lysosomal activation by STK11 in cancer cells thereby linking DNA

damage response to autophagy and cellular metabolism.

Abbreviations: AXIN1: axin 1; 3-MA: 3-methyladenine; 5-FU: 5-fluorouracil; AA mutant: double alanine
mutant (S192A, T284A) of PRKAG1; ACACA: acetyl-CoA carboxylase alpha; AICAR: 5-Aminoimidazole-
4-carboxamide ribonucleotide; AMPK: AMP-activated protein kinase; ATG: autophagy-related; ATM:
ataxia telangiectasia mutated; ATR: ATM serine/threonine kinase; AV: autophagic vacuole; AVd: degra-
dative autophagic vacuole; AVi: initial autophagic vacuole; BECN1: beclin 1; BSA: bovine serum albumin;
CBS: cystathionine beta-synthase; CDK7: cyclin dependent kinase 7; CDKN1A: cyclin dependent kinase
inhibitor 1A; EGFP: enhanced green fluorescent protein; GAPDH: glyceraldehyde-3-phosphate dehydro-
genase; GST: glutathione S transferase; H2AX/H2AFX: H2A.X variant histone; HBSS: Hanks balanced salt
solution; IP: immunopurification; IR: ionizing radiation; MAP1LC3/LC3: microtubule associated protein 1
light chain 3; MAP3K9: mitogen-activated protein kinase kinase kinase 9; mRFP: monomeric red fluor-
escent protein; mCh: mCherry; MCM7: minichromosome maintenance complex component 7; MTORC1:
mechanistic target of rapamycin kinase complex 1; NHEJ: non-homologous end joining; NRBP2: nuclear
receptor binding protein 2; NTC: non-targeting control; NUAK1: NUAK family kinase 1; PBS: phosphate-
buffered saline; PIK3AP1: phosphoinositide-3-kinase adaptor protein 1; PIK3CA: phosphatidylinositol-
4,5-biphosphate 3-kinase catalytic subunit alpha; PIKK: phosphatidylinositol 3-kinase-related kinase;
PRKAA: protein kinase AMP-activated catalytic subunit alpha; PRKAB: protein kinase AMP-activated non-
catalytic subunit beta; PRKAG: protein kinase AMP-activated non-catalytic subunit gamma; PRKDC:
protein kinase, DNA-activated, catalytic subunit; RLuc: Renilla luciferase; RPS6KB1: ribosomal protein
S6 kinase B1; SQSTM1: sequestosome 1; STK11/LKB1: serine/threonine kinase 11; TP53: tumor protein
p53; TSKS: testis specific serine kinase substrate; ULK1: unc-51 like autophagy activating kinase 1; WIPI2:
WD repeat domain, phosphoinositide interacting 2; WT: wild type.

Introduction promoting the survival of starved and stressed cells. During autop-
hagy, an phagophore engulfs cargo by forming a double mem-
brane vesicle called the autophagosome, which then fuses with
alysosome to form an autolysosome where the engulfed material is
degraded and recycled [4,5]. Autophagy initiation is under tight

Macroautophagy (hereafter referred to as autophagy) is a central
component of the integrated stress response in all eukaryotic cells
[1-3]. It ensures the degradation of damaged or obsolete orga-
nelles, long-lived macromolecules and protein aggregates, thereby
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control of at least four multiprotein kinase complexes; the AMP-
activated protein kinase (AMPK) complex, mechanistic target of
rapamycin kinase complex 1 (MTORC1), ULKI (unc-51 like
autophagy activating kinase 1) complex and PIK3C3/Vps34-
containing phosphatidylinositol 3-kinase (PtdIns3K)-BECNI1
complex [6]. The AMPK and MTORC1 complexes sense the
energy and nutrient status of the cell and dictate whether the cell
will favor catabolic (e.g. autophagy) or anabolic (e.g. macromole-
cule synthesis) processes, respectively [7]. Signals from AMPK and
MTORCI are integrated by the ULK1 complex that forwards the
autophagy activating signals by phosphorylating a number of
downstream targets, while limiting the over-activation of the path-
way by suppressing the AMPK complex activity [6]. In parallel,
PIK3C3-induced formation of phosphoinositol-3-phosphate
results in the recruitment of proteins that assist autophagosome
formation. While the composition of the autophagy-regulating
kinase complexes is emerging, our understanding of the reciprocal
control of their activity and crosstalk with other cellular pathways
is, as yet, limited. Recent results suggest, however, that much of this
regulation takes place at the surface of the lysosome and is regu-
lated by the availability of amino acids and glucose [7-10].

A wide range of DNA damaging insults continuously chal-
lenge the genome integrity. Such insults include errors encoun-
tered during DNA replication as well as physical and chemical
stresses that damage the DNA directly (e.g. irradiation and DNA
damaging chemotherapeutic drugs) or indirectly via increased
production of reactive oxygen species (e.g. nutrient starvation
and hypoxia [11]. To counteract the deleterious consequences of
genotoxic stress, all organisms have evolved a network of gen-
ome surveillance mechanisms designed to maintain the genomic
integrity or to eliminate hazardous cells when DNA damage is
beyond repair [12-14]. Recent discoveries have identified autop-
hagy as an integrated part of the genome surveillance network
that helps cells to cope with DNA damage, possibly by regulating
the turnover of key proteins of DNA damage response or by
supplying dN'TPs essential for DNA synthesis during repair [15].
Ataxia telangiectasia mutated (ATM), the major apical kinase in
homologous recombination repair of double-strand DNA
breaks, is one of the putative links in this crosstalk. It can
enhance autophagy by activating an AMPK complex-activating
STK11/LKB1 (serine/threonine kinase 11) or by stabilizing TP53
(tumor protein p53), which in turn enhances the expression of
several autophagy-related (ATG) genes and their positive regu-
lators while suppressing the expression of autophagy-inhibiting
proteins [15-17]. Contrary to ATM, the highly related catalytic
subunit of DNA-dependent protein kinase PRKDC/DNA-PKcs,
which is the major apical kinase in DNA repair by non-
homologous end joining (NHE]), has been identified as
a negative regulator of radiation-induced autophagy [18].

In spite of the intense research in the cross talk between
autophagy signaling and the genome surveillance network, sev-
eral questions remain open. In order to enlighten how cells
transduce the nuclear DNA damage signal to the autophagy
machinery in the cytosol, we screened a human genome-wide
kinase siRNA library targeting 710 known and putative kinases
for regulators of DNA damage induced autophagy employing
a Renilla luciferase (RLuc)-based reporter assay for autophagy-
specific turnover of MAP1LC3B (microtubule associated protein
1 light chain 3B) in untreated and etoposide-treated MCF7

breast cancer cells [19]. Among several candidates, PRKDC
siRNA emerged as the statistically strongest inhibitor of etopo-
side-induced autophagy as well as a statistically significant inhi-
bitor of constitutive autophagy. We focused our further studies
on molecular mechanisms by which PRKDC, being a well-
characterized mediator of DNA damage response, engages the
autophagy machinery. Employing co-immunoprecipitation and
in vitro kinase assays, we identified PRKAG1/AMPKYy! (protein
kinase AMP-activated non-catalytic subunit gamma 1) as
a PRKDC substrate, and its predicted PRKDC phosphorylation
sites as essential regulators of the activation of the AMPK com-
plex by STK11 on the lysosomal surface. These data reveal a new
cytosolic function for the PRKDC in the control of cellular
energy metabolism.

Results

siRNA screen for kinases that regulate DNA
damage-induced autophagic flux

In order to find optimal conditions to screen the siRNA
kinome library for regulators of DNA damage-induced autop-
hagy, we performed a mini-screen of clinically relevant DNA-
damaging treatments for their ability to activate autophagy in
MCF breast cancer cells without inducing cell death.
Autophagic flux was analyzed by a 15 h live cell assay based
on a pair of MCF7 cell lines stably expressing Renilla
Luciferase (Rluc) fused to WT LC3B (Rluc-LC3), which is
degraded by autophagy, or to LC3%'2°* (Rluc-LC3'2%%),
which is not specifically degraded by autophagy [19]. DNA
damage induced by ionizing radiation (IR), etoposide, dau-
norubicin, doxorubicin, hydroxyurea and 5-fluorouracil
(5-FU) was associated with a significant decrease in the Rluc-
LC3/Rluc-LC3%"2°* ratio reflecting increased autophagic flux
(Figure S1A). Etoposide was chosen as the autophagy inducer
for the screen based on its potent and reproducible ability to
induce autophagic flux (Figure 1A).

We then screened a genome-wide kinome siRNA library
targeting 710 known and putative human kinases or kinase-
related genes (3 siRNAs/gene at 6 nM) in parallel with non-
targeting control (NTC, negative control) and BECNI (positive
control) siRNAs (18 nM) according to the timeline outlined in
Figure 1B. Seventy-four siRNAs inhibited etoposide-induced
autophagy to the same or greater extent than BECNI siRNA
(Table S1), and in ten cases the inhibition was significantly
stronger than by BECNI siRNA when comparing inhibition
kinetics (inhibition per time unit) and tested by means of
Wald tests (Figure 1B and Table S1). In normal growth condi-
tions, 32 siRNAs inhibited autophagy significantly better than
BECN1 siRNA (Figure 1C).

PRKDC siRNA emerged as the statistically most significant
inhibitor of etoposide-induced autophagy with 1.6-fold stronger
inhibitory effect than BECNI siRNA (Figure 1B and Table S1). It
also inhibited basal autophagy significantly better than BECN1
siRNA (Figure 1C). PRKDC, which plays an essential role in
DNA repair by NHE], belongs to the phosphatidylinositol
3-kinase-related kinase (PIKK) family, whose other members
include two other well characterized DNA damage response
kinases, ATM and ATR (ATR serine/threonine kinase), as well
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Figure 1. siRNA screens for kinases that regulate basal and etoposide-induced autophagy. (A) MCF7-RLuc-LC3 and MCF-RLuc-LC3%'2°* cells were treated in parallel

with vehicle (DMSO), 50 uM etoposide or 10 nM rapamycin (positive control) for 15 h. Left, kinetics of autophagic flux (reduction of LC3/LC3C2%A relative to To) in one

representative experiment. Right, mean ratios +SD of (LC3/LC3%'2%A at T;5):(LC3/LC3%'2°A at Ty) of three independent triplicate experiments. (B and C) MCF7-RLuc-LC3
and - LC3%"2°A cells transfected with siRNA pools targeting 710 human kinases, BECN7 siRNA (positive control) or non-targeting control siRNA (NTC) were treated in
triplicate with 50 pM etoposide (B) or DMSO (C) for 15 h and analyzed for autophagic flux (reduction of LC3/LC3%'%%) as outlined in the timeline (B, top). Ranking of
all siRNAs (left) and siRNAs with statistically significantly stronger effect than BECNT siRNA (right) are shown. (D) Representative immunoblots of indicated DNA
damage response proteins in lysates of MCF7 cell transfected with indicated siRNAs for 75 h and treated with DMSO (-) or 50 uM etoposide (+) for the last 15 h. CDK7
served as a loading control. Values, densitometric quantifications of indicated protein/CDK7 ratios relative to control samples. <, unspecific ULK1-independent band.
(E) MCF7-RLuc-LC3 and — LC3%'?°* cells were transfected with indicated siRNAs, treated as indicated for 15 h and analyzed for autophagic flux as in (b). Values
represent means +SD of > 3 independent triplicate experiments. P-values were calculated by 2-tailed, homoscedastic student’s t-test (a, c and e) or by a linear
regression model and Wald test of autophagy inhibition over time (b).
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as autophagy-regulating MTOR [20]. Notably, ATR and ATM
siRNAs were also among the candidate inhibitors of the etopo-
side-induced autophagy in our screen (Table S1).

PRKDC depletion inhibits basal and stress-induced
autophagic flux

Prompted by its strong effect on etoposide-induced autophagy,
known involvement in DNA damage signaling pathways, and
relatively high mRNA expression in MCF7 cells as compared to
ATM and ATR (Figure S1B), we focused our further studies on
PRKDC. First, we validated its role in autophagy by transfecting
MCF7-RLuc-LC3 and MCF7-RLuc-LC3%"2°4 reporter cells with
three individual PRKDC siRNAs (6 nM), all of which effectively
decreased PRKDC protein levels and activity as judged by
reduced etoposide-induced phosphorylation of its substrate,
H2AX/H2AFX (H2A.X variant histone) (Figure 1D). Two out
of three individual siRNAs inhibited both the basal and etopo-
side-induced autophagic flux statistically significantly, while the
third siRNA showed a similar inhibitory tendency without
reaching statistical significance (Figure 1E). In addition to etopo-
side-induced autophagic flux, PRKDC siRNA pool inhibited that
induced by 5-FU, daunorubicin and ionizing radiation in
MCEF7-RLuc-LC3 reporter cells (Figure 1E). In U20S osteosar-
coma RLuc-LC reporter cells, PRKDC siRNA pool had similar
statistically significant inhibitory activity toward both constitu-
tive and DNA damage-induced autophagy, whereas in HeLa
cervix carcinoma RLuc-LC3 reporter cells, it significantly inhib-
ited the constitutive autophagic flux and had an inhibitory
tendency against etoposide-induced autophagy (Figure S1C).

Due to the essential role of PRKDC in the DNA damage
response, the autophagy inhibition observed upon its depletion
may be caused by defects in DNA repair. PRKDC siRNA
affected, however, neither the etoposide-induced cell cycle arrest
(Figure S1D) nor the activation of TP53 pathway as analyzed by
the level and phosphorylation of TP53 and the level of the
transcriptional target of TP53, CDKNI1A/p21™'* (cyclin
dependent kinase inhibitor 1A) (Figure 1D). Furthermore,
siRNA targeting XRCC5/KU80 (X-ray repair cross complement-
ing 5), a regulatory subunit of the PRKDC complex, which is
essential for the function of PRKDC in NHE] [21], had no effect
on etoposide-induced autophagic flux (Figure S1E). These data
suggest that PRKDC regulates autophagy in a manner indepen-
dent of its role in the DNA damage repair.

PRKDC depletion inhibits the formation of
autophagosomes

Having established PRKDC as a regulator of autophagic flux, we
sought to uncover molecular mechanisms involved in this process.
PRKDC siRNA inhibited etoposide-induced formation of WIPI2
(WD repeat domain phosphoinositide-interacting protein 2)-
positive and enhanced green fluorescence protein-LC3B (EGFP-
LC3)-positive initial autophagic membranes as effectively as
BECNI siRNA (Figure 2A,B). These data suggest that PRKDC
regulates signaling pathways leading to the autophagy initiation
rather than those regulating autophagosome maturation and
degradation. Thus, we investigated whether this regulation
involved MTORCI, the major negative regulator of autophagy

initiation, by using an MTORCI inhibitor rapamycin to induce
autophagy in MCF7 cells. The significant reduction in the abun-
dance of rapamycin-induced early WIPI2- and EGFP-LC3-
positive autophagic puncta by PRKDC siRNA as well as the
inhibition of rapamycin-induced autophagic flux and LC3-
lipidation by NU7441 (Figure 2A,B and Figure S2A), an ATP
competitive inhibitor of PRKDC [22], suggested that PRKDC
regulated autophagy in an MTORCI-independent manner.
Accordingly, PRKDC depletion neither increased basal
MTORCI activity nor its inhibition by etoposide as analyzed by
the phosphorylation status of an MTORCI substrate, Thr389 of
RPS6KB1/p70S6K1 (ribosomal protein S6 kinase B1) (Figure
S2B). Next, we challenged the role of PRKDC as a regulator of
early autophagic events further by using MCF7 cells expressing
mRFP-EGFP-LC3 fusion protein. The green fluorescence emitted
by this construct is effectively quenched in acidic autolysosomes
allowing the differentiation between initial (AVi; green and red)
and degradative (AVd; only red) autophagic vacuoles [23,24].
Depletion of PRKDC in mRFP-EGFP-LC3-expressing MCF7
cells effectively inhibited the accumulation of AVi both in normal
growth conditions and following autophagy induction by etopo-
side, rapamycin or glucose starvation (Figure 2C and Figure S2C).
The accumulation of AVd was moderately inhibited after short-
term (2 h) induction of autophagy by rapamycin or glucose
starvation but not following longer (24 h) treatment with etopo-
side (Figure 2C and Figure S2C). Notably, PRKDC depletion by
either transient transfection of PRKDC siRNA or stable expression
of PRKDC shRNA inhibited etoposide-, glucose starvation- and
rapamycin-induced accumulation of autophagic membranes also
in U20S cells (Figure S2D,E). Taken together, these data strongly
support the notion that PRKDC regulates autophagy upstream of
the formation of autophagic membranes and independently of
MTORCI.

PRKDC regulates AMPK-ULK1 signaling pathway

To identify autophagy-regulating signaling pathways controlled
by PRKDC, we turned our attention to the autophagy-promoting
AMPK-ULK1 pathway [6]. Analyzes of the phosphorylation
status of an autophagy relevant ULK1 substrate, Ser318 in
ATG13 (autophagy related 13), in control and PRKDC-
depleted MCF7 and U20S cells revealed that both basal and
etoposide-induced activities of the AMPK-ULK1 pathway were
partially dependent on PRKDC (Figure 3A,B and Figure S2E,
right panel). The ability of PRKDC to enhance the activity of this
pathway was further supported by significantly reduced basal
phosphorylation levels of several components of the signaling
cascade, ie. Thr172 in the activation site of PRKAA/AMPKa
(protein kinase AMP-activated catalytic subunit alpha), Ser79 in
ACACA (acetyl-CoA carboxylase alpha) and Thr317 in ULK]1, in
PRKDC-depleted cells (Figure 3B). We could not detect the
etoposide-induced phosphorylation of AMPK reproducibly, pos-
sibly due to its transient and unsynchronized nature. Thus, we
studied its activation using two compounds that trigger a faster
and stronger AMPK activation, i.e. A769,662 that activates
AMPK allosterically and by inhibiting the dephosphorylation of
Thr172-PRKAA [25], and 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) that mimics the effect of AMP on
AMPK [26]. PRKDC depletion clearly reduced the ability of the
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AMPK activators to trigger the phosphorylation of Thr172-
PRKAA and its immediate substrates (Thr317-ULK1, Ser555-
ULK1 and Ser79-ACACA) (Figure 3C, left panel and Figure

S3A). Furthermore, the strong AMPK activation induced by
glucose starvation was effectively inhibited by NU7441 treatment
in both MCF7 and U20S cells (Figure S3B,C). Taken together,
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these data suggest that PRKDC regulates autophagy by enhan-
cing both the constitutive and stimulus-induced activity of the
AMPK complex.

PRKDC associates with the AMPK-ULK1 complex

Prompted by the observed PRKDC-dependent activity of the
AMPK-ULKI pathway, we next searched for putative associa-
tions between these kinases by immunoblot analyzes of pro-
teins co-precipitating with endogenous PRKDC, AMPK
complex (PRKAA1 or PRKAGI1) or ULKI1. Under normal
growth conditions, PRKDC had a relatively strong association
with AMPK complex and ULKI, both of which dissociated
from PRKDC upon AMPK activation by amino acid starva-
tion (Figure 3D), A769662 (Figure 3C,E and Figure S3C),
glucose starvation (Figure S3D) or etoposide (Figure S3E).
Notably, the shRNA-mediated depletion of PRKDC did not
affect the stability of the AMPK complex (Figure 3E), but
clearly reduced its association with ULK1 and the AMPK-
mediated phosphorylation of ULK1 as mentioned above
(Figure 3C). The stability of the AMPK complex was also
insensitive to the AMPK-activating A769662 and amino acid
starvation (Figure 3E and Figure S3F). These data suggest that
PRKDC interacts with AMPK-ULK1 complex in normal
growth conditions and regulates its activation by various
stimuli, which eventually trigger the dissociation of PRKDC
from the complex. Supporting this model, immunocytochem-
ical analyzes revealed a dynamic co-localization of PRKDC
and AMPK complex in MCF7 cells. Akin to the in vitro
analyzes of AMPK complexes, their partial co-localization
with PRKDC observed in the cytoplasm and nuclei of
untreated cells was abolished by amino acid starvation,
which triggered a perinuclear accumulation of PRKAGI and
mainly nuclear localization of PRKDC (Figure 3F). On the
other hand, inhibition of PRKDC activity by NU7441
increased the co-localization of PRKDC and PRKAGTI in the
perinuclear area (Figure 3F). Taken together, our biochemical
and immunocytochemical analyzes suggest that a subset of
PRKDC associates with the AMPK complex in normal growth
conditions to prime it for activation, and that the activation of
the AMPK complex results in the dissociation of PRKDC
from the AMPK complex in a PRKDC activity-dependent
manner.

PRKDC phosphorylates PRKAG1

In order to test whether PRKDC is capable of phosphorylating
the AMPK complex, we performed an in vitro kinase assay with
immunopurified PRKDC and AMPK complexes. Mixing of the
two kinases resulted in an NU7441-sensitive phosphorylation of
a 37 kD protein suggesting that PRKDC phosphorylates the
PRKAG subunit with a matching predicted molecular weight
(Figure 4A). This assumption is supported by a previous study
that has identified the association between PRKAG and PRKDC
employing yeast 2-hybrid method [27]. We performed an
unbiased prediction of putative phosphorylation sites in
PRKAGI using Scansite motif prediction platform [28], which
provided two possible recognition motifs for the PIKK family
kinases located in the third (Ser192, predicted ATM site) and
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fourth (Thr284, predicted PRKDC and ATM site) cystathionine-
b-synthase (CBS) tandem repeat domains (Figure 4B). These
domains act as sensors of cellular AMP:ATP and ADP:ATP
ratios [29]. According to the available crystal structure of the
holo-AMPK complex [30], the predicted phosphorylation sites
are in the close proximity of each other and accessible for kinases
on the surface of the protein (Figure 4B). These sites are also
highly conserved in evolution from zebrafish and chicken to
human and similar ATM and PRKDC/ATM consensus recogni-
tion sequences were found in PRKAG3/AMPKy3, the main
PRKAG-subunit in skeletal muscle (Figure S4A,B).
Recognition motif comparison by PhophoSitePlus® online
resource [31] favored, however, PRKAG1 as a PRKDC and
ATM substrate over PRKAG3.

Based on the above and the relatively high expression of
PRKAGLI in MCF?7 cells (Figure S1B), we focused our further
studies on PRKAGI. First, we verified the ability of PRKDC to
phosphorylate the predicted sites by using short peptide sequences
surrounding them (PEFMSK-Ser192-LEELQIGC and KCYLHE-
Thr284-LETIINRLC) in an in vitro kinase assay. Both WT pep-
tides were effectively phosphorylated by PRKDC, while their
phosphorylated counterparts were not (Figure 4C). Moreover, an
in vitro kinase assay using immunopurified full length proteins as
substrates showed a strong reduction in the PRKDC-mediated
phosphorylation of PRKAG1 when Ser192 or Thr284 alone or
together (AA) were mutated to alanine, confirming them as acces-
sible PRKDC substrates in vitro (Figure 4D).

In order to study the phosphorylation of these sites in living
cells, we raised phosphor-specific antibodies against them
(Figure S4C). The phosphorylation of PRKAG1 Thr284 was
clearly reduced by RNAi-mediated depletion of PRKDC, phar-
macological inhibition of PRKDC kinase activity by NU7441,
glucose starvation and etoposide treatment in MCF7 cells,
whereas that of PRKAGI Ser192 was less affected (Figure 4E,F
and Figure S4D). Akin to MCF?7 cells, the phosphorylation of
PRKAGI Thr284 but not that of PRKAGI Ser192, was clearly
reduced in U208 cells upon glucose starvation and PRKDC
depletion (Figure 4G,H). Supporting the role of PRKDC as the
principal PRKAG1 Thr284 kinase, pharmacological inhibitors of
other PIKK family members, ie. ATM (KU55933) or MTOR
(Torin), or closely related phosphatidylinostide 3-kinases
(LY294002) did not affect the phosphorylation status of
PRKAGI Thr284 to the same extent as PRKDC inhibition by
NU7441 or NU7026 (Figure S4F). Furthermore, phosphoryla-
tion of this site was not reduced by the compound c-mediated
inhibition of the catalytic activity of the AMPK complex itself
(Figure 4H). Notably, the reduced phosphorylation of PRKAG1
Thr284 upon inhibition of PRKDC activity was associated with
reduced activation of the AMPK complex both in MCF7 and
U20S cells as analyzed by the phosphorylation status of PRKAA
Thr172 (Figure 4F,H). These data suggest that in cancer cells
studied here, constitutive PRKDC activity keeps PRKAGI1
Thr284 phosphorylated thereby promoting the activation of
the AMPK complex. Indeed, the two autophosphorylation sites
in PRKDG, Ser2056 and Thr2609, that reflect the PRKDC kinase
activity [32], were phosphorylated in MCF7 cells in optimal
growth conditions, and their phosphorylation was not markedly
altered by glucose starvation (Figure 41, left). On the other hand,
neither PRKDC Ser2056/Thr2609 nor PRKAGI1Thr284 was



1878 P. PUUSTINEN ET AL.

Bateman 1 Bateman 2
PRKDC: + - + + - 38-97 127 - 177 189 - 249 276 - 323
g Nu7441: - - -+ - M [ CBS1 CBS2 CBS3 CBS4 |
IS r T
£ 5| PRKDC — 450 kD Gamma  eppKpEFMSKSLEELQIG
<5 subunit Ser192, predicted ATM site
58| PRKAGT . - 37 kD
R - -
©
g PRKDC|~— —_ 450 kD LKCYLHETLETIINRL
PRKAG1 [P — 37 kD Thr284, predicted
PRKDC and ATM site
migG  Anti-PRKAA1  mligG
P
C D E
400 M,
S £ Glucose(-): - 12 - 12 (h) M,
L% 300 a 5| PRKDC — wwe = [450 kD
é_gzoo +<—;§ = o PRKDC|™w o . ... —— |450kD
= L® e
gl 48| PRKAG1- 64 kD
o % £l mch-Flag . , ' = | p-T284 =< - 37 kD
* 8100 3 5 P
< = ——
s PRKDC| =— —— —-[" = |450kD | p-s192| e «i 37 kD
0 N N < <t o g ['4  —
PRKAGT 2 2 & Q § PRKAG1- w 64kD O =
Recs 5 B B mCh.Flag |0 A W | S b Total . 37kD
o o WT S192AT284A WT ST;%%\\, GAPDH 44 kD
| ® . . ‘= PRKAG1-mCh-Flag P —
- iRNA: NT PRKD
32p4ATP autoradiogram Anti-Flag IP s c c
Glucose(-): - 1 1 - 1 1 (h) Glucose(-): 0 1 2 3 6 (h)Mr Glucose(-): - 5 - 5 - (h)
Recovery: - - 1 - - 1(h) -T284 CompoundC: - - 5 5 - (h
NU7441: - - - 5 6 ) m, 5 p o s wom o e |37 kD o p (h) M,
Of p-T284 [ - 37 kD
=| 0284 [ o o == — — |37k | p-s192]. . o =t 37 KD 3| ” 3
g 2 = £ g 137 kD
- o Total |, -
2 p-s192 " B I 5 37 kD S| Prp——— —————
Total | * — 37 kD § p-T172| . . .. 62 kD
3l p-s79 ol CL I — 6210
< Total | - emd —
| pTi72 = — 62 kD Q| Total [wew s e o oo [280 KD o
$ GAPDH |mwm s s s s (44 kD
L Total [ S S S S W (62 kD s p-T172 P )
< shRNA: Control PRKDC
GAPDH| s s s s s [ 44 KD | Total [ e - 62 kD
GAPDH| = == - [44 kD
|
- 6 - 6.(h)wm
o | p-S2056 ﬂu 450 kD
a
% | p-T2609 - 450 kD
o
Total| s e | | === 450 kD
§ p-T284| s s 37 kD
X
E Total| s = || s »e |37 KD
s p-T172| L [T T [e2 k0
R -
@ Total| b e |B2KD
GAPDH | #9 g | | s s | 44 kD

MCF7  BJ fibroblasts

Figure 4. PRKDC phosphorylates PRKAG1. (A) In vitro PRKDC kinase assay with recombinant PRKDC (+) and PRKAG1T immunoprecipitated from MCF7 cells in stringent
conditions. When indicated 100 nM NU7441 was added to the reaction. (B) Predicted PRKDC/ATM and ATM phosphorylation sites in PRKAG1. Left, crystal structure of
holo-AMPK complex consisting of PRKAA1, PRKAB2 and PRKAG1 [30]. Ser192 and Thr284 are highlighted with yellow. Right, domain structure of PRKAGT with CBS
domains 1-4 and predicted phosphorylation sites highlighted. (C) In vitro PRKDC kinase assay with indicated PRKAG1 peptides as substrates. Radioactivity was
analyzed by FUJI phospho-imager plate and spots were quantitated with FujiFilm MultiGauge version 3.2. (D) In vitro PRKDC kinase assay with WT PRKAG1-Ch-Flag or
its S192A, T284A and S192A,T284A mutants immunopurified from U20S cells as substrates. (E) Representative immunoblots of indicated proteins from MCF7 cells
transfected with non-targeting control (NTC) or PRKDC siRNA for 60 h and starved for glucose for the last 12 h when indicated (12). (F) Representative immunoblots
of indicated proteins from MCF7 cells left untreated or starved for glucose for 12 h with or without 1 h recovery. When indicated cells were retreated with 100 nM
NU7441 for indicated times. (G) Representative Immunoblots of indicated proteins from U20S cells left untreated or starved for glucose for indicated times. (H)
Representative immunoblots of indicated proteins from control and PRKDC shRNA-infected U20S cells left untreated, starved for glucose or treated with 5 pM
compound C as indicated. (I) Representative immunoblots of indicated proteins from MCF7 cells and BJ fibroblasts left untreated or starved for glucose for 6 h.



phosphorylated in primary fibroblasts whether grown in com-
plete medium or starved for glucose (Figure 41, right). The lack
of PRKDC-PRKAGI pathway activation in these primary cells
was accompanied by the lack of AMPK complex activation
(phosphorylation of PRKAA Thr172) in optimal growth condi-
tions and only a very weak activation upon glucose starvation
(Figure 4I). Thus, the constitutive activity of PRKDC in cancer
cells may enhance the basal activity and stimulus-dependent
activation of the AMPK complex via phosphorylation of
Thr284 in the PRKAGI subunit.

Phosphorylation of PRKAG1 regulates AMPK localization
and activity

Having established Ser192 and Thr284 as relevant PRKAG1 phos-
phorylation sites in cancer cells, we studied their putative role in
AMPK activation and signaling. Because these sites are localized in
the CBS repeats responsible for sensing intracellular AMP:ATP
and ADP:ATP ratios, we first investigated whether their phos-
phorylation status affected the ability of AMP to activate the
AMPK complex. For this purpose, we expressed heterotrimeric
a2plyl AMPK complex consisting of GST-PRKAA2, PRKABI-
Flag and either WT or phosphorylation-deficient mutants
(Ser192Ala or Thr284Ala) of HA-PRKAGI1 in COS7 human kid-
ney epithelial cell, and purified the complexes using anti-Flag
affinity agarose gel. Supporting the idea that PRKAG1 phosphor-
ylation promotes AMPK activity, PRKAA2 Thr172 was 61% and
43% more phosphorylated when in complex with the WT
PRKAG1 than when in the complex with Serl192Ala
(PRKAG1"?4) and Thr284Ala (PRKAG1™**) mutants of
PRKAGI, respectively (Figure 5A). The mutant PRKAG1 proteins
formed, however, heterotrimeric AMPK complexes as efficiently
as the WT protein (Figure 5B). In an in vitro kinase assay, the WT
and mutant AMPK complexes had similar basal kinase activities,
all of which were effectively stimulated by AMP (Figure 5B). The
AMP-induced activation of the PRKAG1™*** containing com-
plex was similar to that of the WT complex, whereas that of the
PRKAG1"** containing complex was even more efficient than
the WT complex (Figure 5B). Thus, the phosphorylation of
PRKAGTI at Ser192 and Thr284 promotes the AMPK activity in
cells without enhancing the formation of heterotrimeric AMPK
complexes or the ability of AMP to bind PRKAG1 and activate the
AMPK complex.

In order to study the role of PRKAG1 phosphorylation in living
cells, we generated stable PRKAG1-depleted MCF7 cells by lenti-
viral infection of PRKAGI shRNA (MCF7-shPRKAGI). As
expected, the depletion of PRKAGI resulted in the destabilization
of the AMPK complex as evidenced by the disappearance of the
PRKAAL1 subunit (Figure S5A), as well as reduced growth rate and
stressed appearance of the cells. Interestingly, the depletion of the
AMPK complex also resulted in reduced phosphorylation of
T2609-PRKDC (Figure S5B), suggesting that AMPK may regulate
the activation of PRKDC. We then reconstituted the PRKAGI-
depleted cells with either WT or a phosphorylation defective
double mutant PRKAG15'¥*4T2%4 fiysed to mCherry and Flag
(PRKAGI-mCh-Flag). Microscopic analysis of transiently
expressed proteins revealed that contrary to the primarily nuclear
localization of the WT PRKAG1-mCh-Flag, its phosphorylation
defective PRKAG1%'*4T2$44 muytant was predominantly in the
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cytoplasm of MCF7-shPRKAG]I cells (Figure 5C). Notably, the
PRKAG1S'*AT2A formed a perinuclear rim resembling that
observed for the endogenous PRKAGI upon PRKDC inhibition
(Figures 3D and 5C). Similar differences between the localization
of WT and PRKAG1%'*4T2844_mCherry-Flag were observed in
U208 cells expressing the endogenous PRKAGI1 (Figure S5C).
Immunoprecipitation of the AMPK complexes from transiently
transfected MCF7 cells, revealed that complexes containing the
PRKAG15'9*4T284A had reduced affinity to PRKDC and ACACA
and reduced capacity to phosphorylate Ser79-ACACA, while its
affinity to PRKAA1 was unchanged (Figure 5D,E). In line with the
reduced AMPK activity, MCF7-shPRKAGI cells transfected with
the PRKAG1®"?AT24 had significantly fewer LC3-positive
autophagic vesicles than cells transfected with the WT protein
(Figure 5F). Taken together, these data suggest that PRKDC
primes AMPK for the activation by upstream kinases, and that
phosphorylation of Ser192 and/or Thr284 in PRKAGI is respon-
sible for this effect.

Phosphorylation of PRKAG1 enhances lysosomal
localization of AMPK and STK11

Outer membranes of late endosomes and lysosomes (hereafter
referred to as lysosomes) have recently emerged as important
signaling platforms for major metabolic kinases, including
AMPK and MTORCI [7]. Immunocytochemistry combined
with deconvolution analysis revealed that PRKDC co-
localized with over 20% of the LAMP2-positive endolysoso-
mal membranes with a preference to the larger structures with
over 1 um diameter, some of which may represent autolyso-
somes (Figure 6A,B). The physical association of PRKDC with
the endolysosomal compartment was further confirmed by
detection of PRKDC in the lysates of iron-dextran-purified
LAMP2- and ATP6VOD-positive lysosomes (Figure 6C,D).
Therefore, we investigated whether PRKDC regulated the
lysosomal localization of the AMPK complex, its activating
kinase STK11 or AXIN1, a scaffold protein necessary for the
STK11-mediated activation of AMPK on lysosomal mem-
branes [7,33]. PRKAA1, STK11 and AXIN1 were detected in
lysosomal fractions of unstimulated MCF7 cells and their
lysosomal association was further increased upon short glu-
cose starvation (Figure 6C,D). This increase was completely
abolished upon inhibition of PRKDC activity by NU7441
(Figure 6C). To test whether the glucose starvation-induced
and PRKDC-dependent lysosomal recruitment of AMPK and
STK11 complexes required the phosphorylation of Ser192
and/or Thr284 residues of PRKAGI, we analyzed the lysoso-
mal localization of these complexes in MCEF?7 cells transfected
with either the WT PRKAGI1-mCherry-Flag or its phosphor-
ylation defective PRKAG15'9*4T244 Immunoblot analyzes of
purified lysosomes from transfected cells revealed a reduction
in the lysosomal recruitment of PRKAG15'9*4T2844 both in
control condition and upon glucose starvation (Figure 6D).
Similar amounts of STK11 and AXINI were found in the
lysosomal fractions of unstimulated MCF7 cells expressing
PRKAGI1-mCherry-Flag constructs, but their further recruit-
ment to lysosomes in response to glucose starvation was
inhibited by the PRKAG15924T284A a5 compared to the WT
protein (Figure 6D). The reduction in their lysosomal
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recruitment was associated with significantly reduced associa- Discussion
tion of the PRKAG1®'¥**T2%*A mCherry-Flag with STK11
(Figure 6E and Figure S6A). The PRKAGISPP2AT284A friled
also to enhance the AMPK activation upon glucose starvation
as analyzed by the phosphorylation of PRKAA Thr172 and
association with ACACA (Figure 6E and Figure S6A). Based
on these data, we conclude that the PRKDC-mediated phos-
phorylation of PRKAGL plays a critical role in the lysosomal
activation of AMPK through the regulation of the lysosomal
localization of the AMPK complex and its subsequent associa-
tion with STK11.

By exploiting RNAi technology and a luciferase-based live cell
reporter assay for autophagic LC3 turnover in MCF7 breast
cancer cells, we have here identified multiple genes encoding
for kinases and kinase-related proteins as putative regulators
of basal and etoposide-induced autophagic flux. Validating
our screening approach, bona fide autophagy genes, phos-
phoinositide-3-kinase regulatory subunit 4 (PIK3R4) and
ULK1 as well as several previously reported autophagy regu-
lators, e.g. GSK3A (glycogen synthase kinase 3 alpha) and
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GSK3B, inhibitor of IKBKB (nuclear factor kappa B kinase
subunit beta) and ATM, are among the candidate genes,
whose depletion inhibits autophagic flux [34-37]. On the
other hand, the roles of the majority of the identified genes,
including the three strongest candidates for regulators of
either etoposide-induced or basal autophagic flux, ie.
PRKDC, NUAKI (NUAK family kinase 1), MAP3K9 (mito-
gen-activated protein kinase kinase kinase 9), PIK3API (phos-
phoinositide-3-kinase adaptor protein 1), TSKS (testis specific
serine kinase substrate) and NRBP2 (nuclear receptor binding
protein 2), have not been addressed at all, or are as yet
controversial. It should be noted that further validation is
needed to define our candidates as true regulators of
autophagy.

PRKDC siRNA targeting PRKDC was statistically the stron-
gest inhibitor of etoposide-induced autophagic flux and scored
also as a significantly better inhibitor of basal autophagic flux
than BECN1 siRNA in our screen. Our validation enforced the
requirement of PRKDC for basal autophagy in MCF7, U20S
and HeLa cells as well as for that induced by etoposide, 5-FU,
daunorubicin and irradiation in MCF7 and U20S cells.
Importantly, our data strongly suggest that PRKDC regulates
autophagy independent of its well-defined role in DNA repair as
the effect of XRCC5 siRNA-mediated depletion of KU80, which
is essential for PRKDC-mediated DNA repair [21], failed to
inhibit etoposide-induced autophagy, and PRKDC depletion
had no major effect on etoposide-induced DNA damage
response as analyzed by the cell cycle profile and the phosphor-
ylation of TP53. The role of PRKDC in autophagy has been
previously addressed in only few studies with somewhat con-
troversial results [18,38]. Based on the comparison of PRKDC
expressing, radiation resistant M059K cells and PRKDC defi-
cient, radiation sensitive M059] cells derived from the same
malignant glioma specimen, Daido and coworkers have sug-
gested that PRKDC inhibits autophagy and protects glioma
cells against radiation-induced autophagy-dependent cell death
[38]. On the contrary and in line with our results, Yoon and
coworkers have reported more autophagic vesicles in PRKDC
expressing M059K cells than in PRKDC deficient M059] cells
upon capsaicin treatment [39]. These discrepancies could be
caused by cell or stimulus specific differences. Alternatively,
the observed difference in radiation-induced autophagy between
M059] and M059K cells observed by Daido and coworkers could
be due to other changes than PRKDC expression levels.
Supporting this view, PRKDC deficient M059] cells highly upre-
gulated levels of ULK1 (Figure S6B), which could compensate
for their lack of PRKDC and explain their enhanced radiation-
induced autophagy. Further supporting the autophagy-
stimulating function of PRKDC, Zhen and coworkers have
recently reported that pharmacological inhibitors, PRKDC
shRNA and PRKDC-targeting MIRIO0I inhibit salinomycin-
induced cytoprotective autophagy in osteosarcoma cells [38].

The data presented above demonstrate that PRKDC associ-
ates with the AMPK complex and regulates its subcellular
localization and association with the major AMPK Kkinase,
STK11, by phosphorylating the PRKAGI1 subunit of the
AMPK complex. Interestingly, these data also suggest that
this regulation occurs, at least partially, on the lysosomal
membrane, which is emerging as the major site for the

coordination of cellular metabolism [7,40-42]. Supporting
our findings, the association between PRKDC and AMPK
complex has been identified by two previous studies.
Amatya and coworkers have demonstrated an interaction
between PRKDC and PRKAGI1 using yeast two-hybrid
method and co-immunoprecipitation from mammalian cells
[27], while Lu and coworkers have verified this interaction in
mammalian cells by co-immunoprecipitation and immunocy-
tochemistry [43]. In line with our data, these studies have also
identified PRKDC as a positive regulator of AMPK complex
activity, however, without addressing the underlying mechan-
ism. Here, we identified Ser192 and Thr284 residues of
PRKAGI1 as PRKDC substrates and confirmed their necessity
for PRKDC-mediated activation of AMPK complex by site-
specific mutagenesis. The AMPK complex containing the
mutant of PRKAGI®'??4T24A were not only defective in
stress-induced activation but showed also a dramatically
altered subcellular localization, being predominantly cytoplas-
mic contrary to the primarily nuclear localization of the WT
protein. Supporting the role for PRKDC in subcellular locali-
zation of the AMPK complex, the localization of the complex
containing the mutant of PRKAG13'724T2844 yag similar to
that observed in cells where PRKDC activity is inhibited by
Ebstein-Barr virus latent membrane protein 1 (LMP1) [43].

Lysosomal membrane has been recently recognized as an
important site for the activation of AMPK [7,44]. In the
absence of glucose, STK11 and scaffold protein AXINI trans-
locate to the lysosomal membrane, where they form a large
complex with AMPK, vacuolar H*-ATPase and Ragulator com-
plexes [7]. This super complex, referred to as the AXIN1-based
AMPK activation complex [8], serves as the site for STK11-
mediated phosphorylation and activation of PRKAA1 [7]. Our
data showing that both genetic and pharmacological distur-
bance of PRKDC-mediated phosphorylation of PRKAGI inhi-
bits the lysosomal recruitment of the AMPK complex, STK11
and AXIN1 strongly suggest that this phosphorylation
enhances the activation of the complex by promoting the for-
mation of the AXINI-containing AMPK activation complex.
The constitutive nature of both the PRKDC-PRKAGI associa-
tion and the PRKAGI1 Ser192 and Thr284 phosphorylation
together with their decline upon AMPK activating stimuli
suggest that PRKDC-mediated phosphorylation of PRKAGI
serves as a priming signal for the activation of AMPK complex
while being dispensable for the maintenance of the kinase
activity. Interestingly, the N-myristoylation of PRKAB subu-
nits, which is necessary for the recruitment of the AMPK
complex to the lysosomal membrane [44], has been reported
to serve a similar gatekeeper function, i.e. being necessary for
the initial AMP-induced phosphorylation of PRKAA1 but not
for the subsequent allosteric activation by AMP once PRKAA1
is phosphorylated [45]. Thus, it is tempting to speculate that
these two events are coordinated e.g. by PRKDC-mediated
phosphorylation of PRKAG1 occurring only on the lysosomal
membrane or PRKAGI phosphorylation being a prerequisite
for PRKAB myristoylation. In light of our present data showing
that some PRKDC co-localizes with lysosomes and that the
lysosomal recruitment of PRKAGT] is inhibited by the mutation
of PRKDC phosphorylation sites, both scenarios remain
possible.



The ability of PRKDC to regulate AMPK activation links
PRKDC not only to the regulation of autophagy, but also to
the regulation of cellular metabolism in a more general man-
ner. Contrary to the activating effect of PRKDC on AMPK,
aging-related increase in PRKDC activity has been reported to
inhibit AMPK activity in aging muscle cells via phosphoryla-
tion-mediated inhibition of heat shock protein 90 chaperone
activity toward PRKAA2, a muscle specific PRKAA isoform
[46]. Thus, the crosstalk between PRKDC and AMPK com-
plex is likely to have several layers and depend on cellular
context. Regarding the emerging role of PRKDC in the con-
trol of cellular metabolism, it is interesting to note that
PRKDOC itself is regulated by the metabolic state, fed condi-
tions favoring its activation and fasting conditions inhibiting
it [47]. Furthermore, PRKDC can regulate metabolism in an
AMPK independent manner by phosphorylating UTF1
(undifferentiated embryonic cell transcription factor 1),
which activates the transcription of fatty acid synthase and
triglyceride synthesis [47].

Taken together, data presented here provide a molecular
mechanism explaining how PRKDC enhances AMPK activa-
tion and autophagy, thereby linking DNA damage response
not only to the regulation of autophagy but to the control of
cellular metabolism in general.

Materials and methods
Cell culture, reagents and treatments

The MCF7 cell line used here is the S1 subclone of the human
ductal breast carcinoma cell line MCF7 selected for high TNF
sensitivity [48]. Human HeLa cervix carcinoma, U20S osteo-
sarcoma (ATCC THB-96), M059] (ATCC CRL-2366) and
MO059K (ATCC CRL-2365 glioma cells as well as COS7
(ATCC CCL-70) kidney epithelial cells were obtained from
ATCC. MCF7-EGFP-LC3, mRFP-EGFP-LC3, -RLuc-LC3 and
-RLuc-LC3%"*** and HeLa-RLuc-LC3 and -RLuc-LC3°"*%*
have been described previously [19,24,49]. U20S-RLuc-LC3
and -RLuc-LC3%"2°4 were created here as described for MCF7
cells previously [19]. MCEF?7 cells were cultured in RPMI 1640
with Glutamax (Thermo Fisher Scientific [TFS], 61870-010)
supplemented with 6% heat-inactivated fetal calf serum (TFS,
10270-106), penicillin and streptomycin (TFS, 15140-122).
Other cells were cultured in DMEM (TFS, 31966-021) sup-
plemented with 10% heat-inactivated fetal calf serum, penicil-
lin and streptomycin. The cells were maintained in
a humidified atmosphere at 37°C, 5% CO,. All cell lines
were found negative for mycoplasma using Venor’GeM
Classic PCR kit from Minerva Biolabs (11-1100). 3-methyla-
denine (3-MA; 189490), 5-fluorouracil (F6627), AICAR
(A9978), camptothecin (208925), cisplatin (232120), com-
pound c¢ (P5499), daunorubicin (251800), doxorubicin
(324380), hydroxyurea (400046), etoposide (341205), and
rapamycin (R0395) were purchased from Sigma-Aldrich;
NU7441 from Kudos Pharmaceuticals; Oligofectamine
(12252 011) from Invitrogen; and coelenterazine (S2001),
enduren (E6481), and 5x passive lysis buffer (E1941) from
Promega. Amino acid and glucose starvations were performed
in Hanks Balanced Salt Solution (HBSS; TFS, 14025-092) and
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glucose free DMEM with glutamate (Gibco, 11966025),
respectively. Drugs were added simultaneously during co-
treatments. Ionizing radiation was delivered by an X-ray gen-
erator (150 kV; 6 mA; 0.708 Gy/min dose rate, YXLON).

Transfections

Plasmids listed in Table 1 were transfected to subconfluent
cells with Fugene-HD (Invitrogen, E291A) and in the case of
rescue experiments with Gene Juice (Novagen, 70967-3)
transfection reagents according to manufacturers’ instruc-
tions. The medium was changed 16 h after the transfection
and the experiments were performed 32 h later.

siRNA transfections were performed as reverse transfec-
tions using 5-20 nM siRNA and Oligofectamine transfection
reagent (Promega, 12202-011) following manufacturer’s pro-
tocols. siRNA sequences are listed in Table 1. The Silencer”
Select Human Kinase siRNA Library V4 (Ambion, 4397918)
was used in the screen.

Validated Control, PRKAGI and PRKDC shRNA lentiviral
vectors (MISSION; Sigma-Aldrich) and a lentiviral vector
encoding for shRNA-resistant PRKAGI were amplified and
infected according to standard protocols. Cells were selected
with puromycin for a minimum of five passages and experi-
ments were performed at passages 6-10. The downregulation
of PRKDC (approximately 50% in passage 6) was controlled
during each experiment and cells were discarded if it dropped
below 30%.

Site-directed mutagenesis

Site-directed mutagenesis of the constructs was carried out
using QuickChange Lightning mutagenesis kit (Agilent,
210518). Oligos for mutation PCR were designed by
Agilent QuickChage Primer Design [54], and they are listed
in Table 1. Mutated constructs and all plasmids were con-
firmed by sequencing.

Autophagic flux assay and screen

The ratio of luciferase activity between Rluc-LC3 and Rluc-
LC35'2%4 expressing cells was used as a measure for autopha-
gic flux in living cells or cell extracts as described previously
[19]. The screen was performed by measuring autophagic flux
in living cells. Briefly, cells were transfected with a pool con-
sisting of 6 nM of each of the three unique siRNAs targeting
each kinase. The control siRNAs, non-targeting control
siRNA and BECNI siRNA (positive control for autophagy
inhibition) were used at 18 nM. The medium was changed
52 h after the transfection with medium containing 50 nM
EnduRen, and cells were allowed 8 h to achieve equilibrium
between intra- and extracellular EnduRen, before the first
measurement of luciferase activity (referred to as T,) and
treatment with etoposide (50 uM) or DMSO. Luciferase activ-
ity was subsequently measured 4, 8, 12 and 15 h after the
treatment. Luminescence was measured using the Varioskan
Flash plate-reader (Thermo Electron Corporation).
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Table 1. Key Resources.

Primary antibodies

Antigen

ACACA/ACC

ACACA/ACC (p-S79)

PRKAA/AMPKa (p-T172)

PRKAA1/AMPKa1

PRKAA1/AMPKa1 and PRKAA2/
AMPKa2

PRKAG1/AMPKy1

PRKAG1/AMPKy1

PRKAG1/AMPKy1 (p-5192)

PRKAG1/AMPKy1 (p-T284)

AXIN1

ATG13

ATG13 (p-Ser318)

ATP6VOD1

CTSB

CDK7

PRKDC/DNA-PKcs

PRKDC/DNA-PKcs

PRKDC/DNA-PKcs

PRKDC/DNA-PKcs (p-S2056)

PRKDC/DNA-PKcs (p-T2609)

FLAG® (M2 Affinity Gel)

FLAG®

GAPDH

H2AFX (p-Ser139)

HA

HA (agarose)

LAMP2 antibody

XRCC5/KU80

STK11/LKB1

STK11/LKB1

MCM7

RPS6KB1

RPS6KB1 (p-Thr389)

SESN2

SQSTM1

TP53

TP53 (p-S15)

ULK1

ULK1 (p-S555)

ULK1 (p-S757)

ULK1 (p-S317)

ULK1

ULK1

WIPI2

Plasmids

Name

pFLAG-Cherry-N1-PRKAG1

pRIuc-LC3wt

pRIluc-LC3G120A

pDEST27-GST-PRKAA2

pcDNA3.1-PRKAB1-FLAG

pMT2-HA-PRKAG1

pMT2-HA-PRKAG1 (S192A)

pMT2-HA-PRKAG1 (T284A)

siRNAs

Target gene
Non-targeting control
BECNT

PRKDC A

Species Supplier

Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Mouse Abcam

Rabbit Abcam

Rabbit Abcam

Rabbit This paper

Rabbit This paper

Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Rockland

Rabbit Abcam

Mouse Sigma Aldrich

Mouse J. Bartek, Danish Cancer Society, Copenhagen, DK
Rabbit Abcam

Rabbit Abcam

Mouse Abcam

Rabbit Abcam

Rabbit Abcam

Mouse Sigma Aldrich

Rabbit Sigma Aldrich

Mouse Abcam

Rabbit Millipore

Mouse Sigma Aldrich

Mouse Sigma Aldrich

Mouse Dev. Studies Hybridoma Bank
Rabbit Abcam

Rabbit Cell Signaling Technology
Rabbit Abcam

Mouse J. Bartek, Danish Cancer Society, Copenhagen, DK
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Enzo Life Sciences

Rabbit J. Bartek, Danish Cancer Society, Copenhagen, DK
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Cell Signaling Technology
Rabbit Santa Cruz Biotechnology
Mouse Santa Cruz Biotechnology
Mouse Abcam

Supplier

Jay Brenman,

University of North Carolina, Chapel

Hill, NC

Marja Jaatteld,

Danish Cancer Society, Copenhagen,

Denmark

Marja Jaattela,

Danish Cancer Society, Copenhagen,

DK

Jon Oakhill,

University of Melbourne, Victoria,

Australia

Jon Oakhill,

University of Melbourne, Victoria,

Australia

Jon Oakhill,

University of Melbourne, Victoria,

Australia

Jon Oakhill,

University of Melbourne, Victoria,

Australia

Jon Oakhill,

University of Melbourne, Victoria,

Australia

Sequence Supplier

5'-CGA CCG AGA CAA GCG CAAG-¥ Dharmagon

5'-CAG UUU GGC ACA AUC AAUA-3’ Sigma Aldrich

5'-GCG UUG GAG UGC UAC AACA-3' Sigma Aldrich

Identifier

3662

3661

2535 (D79.5E)
5831A
ab80039 (34.2)

ab32382
ab32508

2074 (C95H11)
13468 (E1Y9V)
600-401-C49
ab202899
(6243 (CB59-4B)
Ref. [50]

ab230

ab70250
ab1832 (18-2)
ab24918
ab18356 (10B1)
A-2220

F7425

ab9484

JBW301

H3663

A2095

Clone H4B4
ab87860
Ca3050S (27D10)
ab185734

Ref. [51]

2708 (49D7)
9234 (108D2)
8487 (D1B6)
BLM-PW9860
Ref. [52]

9284

47655

mAb #586 (D1H4)
14202 (D706U
12753 (D2B6Y)
SC-33182 (H-240)
SC-390904 (F-4)
ab105459 (2A2)

Identifier
Addgene ID: 30308 (Ref.
[53])

Addgene ID: 105002 (Ref.
(19D

Addgene ID: 105003 (Ref.
[191)

Ref. [60]

Ref. [60]

Ref. [60]

This paper

This paper

(Continued)
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Primary antibodies

PRKDC B 5'-GCG CUU UUC UGG GUG AACU-3"  Sigma Aldrich

PRKDC C 5'-CAA GCG ACU UUA UAG CCUU-3’ Sigma Aldrich

RPTOR 5'-GAU GAG GCU GAU CUU ACAG-3 Sigma Aldrich

ULK1 5'-CCC UUU GCG UUA UAU UGUA-3"  Sigma Aldrich

XRCCS5 #1 5'-CUC CAU UCC UGG UAU AGAA-3’ Sigma Aldrich

XRCC5 #2 5'-CCG CUG AGG UGA CAA CAAA-3 Sigma Aldrich

PRKAGT mutagenesis oligos (ref. P54619, UniProtKB)

Construct Primer name Sequence

S192A mutant t574g_antisense 5'-ctgtagctcttccagagecttggacatgaactctg-3
t5749_ 5'-cagagttcatgtccaaggctctggaagagctacag-3’

T284A mutant a850g_antisense 5'-atgatggtctccagagcctcatgcaggtagcac-3’
a850g_ 5'-gtgctacctgcatgaggctctggagaccatcat-3

shRNA resistant g195¢_t198g_c201t_antisense 5’-ggcagctcgtacaccattcgtgaccaaagcaaaaaaagctttcttca-3°
g195¢_t198g_c201t_ 5’-tgaagaaagctttttttgctttggtcacgaatggtgtacgagctgec-3”

Detection of autophagic membranes

The puncta formation in MCF7-EGFP-LC3 and MCF7-mRFP
-EGFP-LC3 cells was assessed after fixation in 3.7% formal-
dehyde (Sigma-Aldrich, 252549) applying Olympus IX-70
inverted microscope with a 20x Lucullan objective with
numerical aperture of 0.45 or Zeiss LSM510 microscope
with a 40x Plan-APOChromat with numerical aperture of
1.3/oil. LC3-puncta formation in other cells and WIPI2
puncta formation were analyzed after methanol permeabiliza-
tion and appropriate antibody staining (Table 1).

Immunoblotting

Immunoblotting was performed using standard protocols
described previously [55]. Primary antibodies used are listed
in Table 1. Secondary antibodies included HRP-conjugated
rabbit anti-mouse IgG (DAKO, P0260),The signal was
detected with Clarity Western ECL Substrate (Bio-Rad,
170-5061), and Luminescent Image Reader (LAS-1000Plus,
Fujifilm, Tokyo, Japan), and quantified by densitometry with
Image] software [56].

Immunoprecipitation

Proteins from cell lysates were extracted with lysis buffer
(25 mM Tris, pH 7, 150 mM NaCl, 5 mM MgCl,, 0.5% NP-
40 (Sigma-Aldrich, 74385), 1 mM DTT (Sigma-Aldrich,
D9779), 5% glycerol (Sigma-Aldrich, G5516), 1 mM phenyl-
methanesulfonyl fluoride (Sigma-Aldrich, P7626), 2 ug/ml
pepstatin  (Sigma-Aldrich, EI10), 2 pug/ml leupeptin
(Chalbiochem, 108976), and 2 pg/ml aprotinin (Sigma-
Aldrich, 616371)) in the presence of phosphatase inhibitors
(Roche Applied Science, 04906837001) at 4°C. Cellular debris
was removed by centrifugation at 13,000 x g for 10 min at 4°
C. One milligram of protein from the cell lysates was immu-
noprecipitated for 4 hours at 4°C, using indicated antibodies
listed in Table 1 and protein G (Sigma-Aldrich, P3296) or
protein A (GE Healthcare, 17-5138-01) agarose beads. After
the last washing step, SDS-PAGE buffer was added (40 ul) and
samples were heated at 95°C for 10 min. 15-30 pl of immu-
nopurified proteins/lane were separated on a 4-15% polya-
crylamide, precast Mini-PROTEAN TGS gel 4-15% (BIO-
RAD, 456-10863) followed by transfer on Trans-Blot Turbo

Transfect Pack (0.2 pm) nitrocellulose (BIO-RAD, 1704159),
and immunoblotting with indicated antibodies listed in
Table 1.

Immunocytochemistry and confocal microscopy

Cells grown on coverslips and fixed either in methanol (-20°
C) for 2 min or in 4% paraformaldehyde (Sigma-Aldrich,
G-5882) in phosphate-buffered saline (PBS; Gibco,
20012043) for 10 min were washed with PBS, quenched with
50 mM NH,CI for 10 min, washed with PBS and blocked in
buffer 1 (1% bovine serum albumin [BSA; Sigma-Aldrich,
A9647], 0.3% Triton X-100 [Sigma-Aldrich, T9284], 5% goat
serum [Dako, X090710] in PBS) for 20 min before incubation
with the indicated primary antibodies (Table 1) in buffer 1 for
16 h at 4°C. After three washes in buffer 3 (PBS, 0.05%
Tween-20 [Sigma-Aldrich, P1379]), coverslips were incubated
with appropriate secondary antibodies (Alexa Fluor® 488-
conjgated donkey anti-mouse IgG or Alexa Fluor® 568-
conjugated donkey anti-rabbit IgG from Promega [A-21202,
A-10042]) for 1 h in buffer 2 (0.25% BSA, 0.1% Triton X-100,
PBS), washed three times in buffer 2, mounted with Prolong
antifade Gold with DAPI (Life Technologies, P36935) and
dried for 24 h at 20°C. Cells were imaged with a Zeiss 700
laser scanning confocal microscope equipped with the Plan-
Apochromat 63x/1.40 Oil DIC M27 objective and Zen 2010
software (Carl Zeiss, Jena, Germany).

Deconvolution and object-based colocalization analyzes

Cells were imaged with a Zeiss 700 laser scanning confocal
microscope as above. Pinholes were set so that the section
thickness was equal for all channels and acquisition settings
were kept constant. 6-7 equidistant (0.1 pm) planes (z-stacks)
were acquired at a resolution of 2048 x 2048 with a 2.0x
numerical zoom to achieve the Nyquist criterion (41x41 nm
per pixel, Scientific Volume Imaging Nyquist rate and PSF
calculator). Image deconvolution and object-based colocaliza-
tion were performed with Huygens Professional Software
version 19.04 (Scientific Volume Imaging, The Netherlands
[57],) using a theoretical point-spread function.
Deconvolution was performed by the Classic Maximum
Likelihood Estimation algorithm with default settings:
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number of iterations 40, signal to noise ratio 20, quality
threshold 0.05. For object-based colocalization analysis,
regions of interest, i.e. cell contour were defined manually
on 3D deconvoluted images excluding the PRKDC-positive
nuclear staining. The garbage volume was set at 5 voxels (ca.
0.0008 um® - equivalent to 41 x 41 x 500 nm equal to volume
of observed space on specimen), approximation of the
Z resolution limit of the microscope. LAMP2-positive struc-
tures with a diameter less than 400 nm were excluded. 12 cells
from two independent experiments were analyzed.

Generation of antibodies

Phosphorylation specific (p-Ser192 and p-Thr284) polyclonal
PRKAG1/AMPKyl antibodies were produced in rabbit using
a peptide synthesized by JPT Peptide Technologies GmbH
(Germany) with sequences listed in Table 1. Prior to immuniza-
tion peptides were coupled to Imject maleimide-activated
Keyhole Limpet Hemocyanin (mcKLH, Pierce, 77605) by
GenScript according to manufacturer’s protocol [58].
Antibodies were purified from positive sera using peptide anti-
gen affinity columns prepared with a standard protocol (sulfo-
link immobilization columns, Pierce, 44999) with immobilized
peptides against phosphorylated peptides following the manu-
facturer’s protocol. After low pH elution (50 mM glycine, pH
2.5), the antibodies were cleared for cross-reactivity on columns
with  synthetic peptides corresponding to the non-
phosphorylated forms of Ser192 and Thr284 peptides immobi-
lized to peptide antigen affinity columns (Pierce, 44999) and
eluted with low pH (50 mM glycine, pH 2.5). Antibodies were
stored as aliquots in PBS, 50% glycerol (Sigma-Aldrich, G5516),
5% BSA (Sigma-Aldrich, A4503), and sodium azide (Sigma-
Aldrich, $8032) at —20°C. The specificity of antibodies was tested
against phosphorylated peptides immobilized to nitrocellulose
membranes (Bio-Rad, 456-10863) by dot blotting.

Protein purification and in vitro kinase activity assay

PRKAGI1-mCherry-Flag proteins were purified from transi-
ently transfected MCF7 cells with Anti-FLAG® M2 Affinity
Gel (Sigma-Aldrich, A-2220) using RIPA lysis buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 50 mM NaF (Sigma-Aldrich,
201154), 1 mM EDTA (Sigma-Aldrich, E6752), 1 mM EGTA
(Sigma-Aldrich, E4378), 1% Triton X-100 (Sigma-Aldrich,
T9284), 0.5% deoxycholate (Sigma-Aldrich, D6750), 0.05%
SDS (Sigma-Aldrich, L3771)). The immune complexes were
washed extensively with RIPA buffer and three times with
PRKDC reaction buffer (50 mM HEPES, pH 7.5, 100 mM
KCl, 10 mM MgCl,, 0.2 mM EGTA, 0.1 mM EDTA, 1 mM
DTT, 5 pg calf thymys DNA). For the in vitro kinase reaction,
the FLAG-purified proteins were either immobilized to
FLAG-beads or released before kinase reaction by using excess
amount of FLAG-peptide.

For the PRKDC kinase assay, indicated PRKAG1-Cherry-
FLAG proteins were incubated at 33°C for 20 min in PRKDC
reaction buffer supplemented with 0.2 mM ATP, 0.2 pg/ml
BSA, 0.2 pl a-**P-ATP (3000 Ci/mmol) and 250 U purified
PRKDC (Promega, V581A). Reaction was terminated by adding
SDS sample buffer and subjected to SDS-PAGE following the

blotting of the SDS-PAGE samples on to nitrocellulose filters.
Incorporation of PRKDC-labeled phosphate on PRKAGI1 was
quantitated using an autoradiography with phosphoimager
plates following plate read by Typhoon 9410 variable mode
imager (Amersham Biosciences). Typhoon 9410 raw files were
further quantitated by MultiGauge V3.0 (FujiFilm).

To test the PRKDC-mediated phosphorylation of peptides, 2 ug
of non-phosphorylated (Ser192: amine-PEFMSKSLEELQIGC-
amide; Thr284: amine-KCYLHETLETIINRLC-amide) or phos-
phorylated (p-Ser192: amine-PEFMSK-pS-LEELQIGC-amide;
p-Thr284: amine-KCYLHE-pT-LETIINRLC-amide) PRKAGI1
peptides (JPT peptide technologies GmbH) corresponding to pre-
dicted PRKDC phosphorylation sites were diluted in PRKDC
reaction buffer (supplemented with 1 uM ATP, 0.2 pug/ml BSA,
10 uCi y-*P-ATP [3000 Ci/mmol] (NEG002250UCSBF4) and
250 U purified PRKDC) and incubated at 34°C for 20 min, heated
to 60°C and spotted to nitrocellulose membrane. Dried peptide-
containing filters were fixed with glutaraldehyde (Sigma-Aldrich,
G5882) (3%) in PBS at 20°C for 5 min, washed 3 x 5 min with PBS
under vigorous agitation before the incorporation of labeled phos-
phate was quantified as above.

In vitro AMPK activity assay

Heterotrimeric AMPK complexes consisting of GST-PRKAA?2,
PRKABI-FLAG and WT or mutated HA-PRKAG1 were immu-
noprecipitated from COS7 cells transfected with corresponding
plasmids (Table 1) using Anti-FLAG M2 affinity agarose gel and
washed repeatedly with buffer A (50 mM HEPES, pH 7.4,
150 mM NaCl, 10% glycerol and 0.1% Tween-20) prior to
activity assay. AMPK activity assays using radiolabeled [y->*P]-
ATP were conducted as described previously [59,60]. Assays
were conducted in the presence of 100 uM SAMS peptide
(NH,-HMRSAMSGLHLVKRR-COOH), 5 mM MgCl,
200 uM [y-**P]-ATP for 10 min at 30°C in the presence/absence
of 100 uM AMP. Phosphotransferase activity was quenched by
spotting onto P81 phosphocellulose paper (Whatman, GE
Healthcare) followed by repeated washes in 1% phosphoric
acid. **P-transfer to the SAMS peptide was quantified by liquid
scintillation counting (Perkin Elmer).

Purification of lysosomes

Subconfluent cells grown in 15 cm petri dishes in 20 mL
complete medium were treated for 18 h with 0.2 mL iron
dextran solution (53 mg/mL in deionized water; prepared
essentially as described previously [61], washed in medium
without iron dextran, and cultured for additional 4 h in
complete medium before the indicated treatments. After treat-
ments, cells were scraped off in ice cold KPBS (136 mM KCl
(Sigma-Aldrich, P9333), 10 mM PBS, pH 7.25 adjusted with
KOH) and centrifuged at 1000x g for 2 min at 4°C. The pellet
was dissolved in 950 pl of KPBS and homogenized with 10
strokes through a 25-gauge needle, and centrifuged at 1000 g
for 2 min at 4°C. The supernatant was loaded to prewashed
3 ml MACS-magnetic columns (Miltenyi Biotech, 130-042-
201) prewashed with KPBS and placed into MiniMacs mag-
netic separator (130-090-32) at 4°C. Loaded columns were
washed 3x with 1 ml of KPBS and bound lysosomes were



released from the matrix by removing the MACS-column
from the magnetic field and applying 80 uL of KPBS buffer
on the column. The eluted material was mixed with 80 pl of
2x SDS-PAGE buffer and analyzed for immunoblotting.

Cell cycle analysis

Cells were treated as indicated, fixed in methanol, and stained
with propidium iodine (Sigma-Aldrich, P4170). Flow cytome-
try (FACSCalibur, BD Biosciences) was performed on 10,000
cells/sample and data were analyzed using the FlowJo software
(www.flowjo.com).

Statistical analyzes

For statistical analyzis of the etoposide screen, we applied
a linear regression model to study inhibition over time.
siRNAs that inhibited etoposide-induced autophagic flux sig-
nificantly better than BECNI siRNA were identified by com-
paring slopes (inhibition per time unit) and tested by means
of Wald tests. Differences in slopes that yielded a p-value <
0.05 were considered statistically significant. Other P-values
were calculated by 2-tailed, homoscedastic student’s ¢-test.
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