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Abstract

Unc-51-like autophagy activating kinase 1 (ULK1)—autophagy-related 13 (ATG13) is the
most upstream autophagy initiation complex that is phosphorylated by mammalian target-
of-rapamycin complex 1 (mMTORC1) and AMP-activated protein kinase (AMPK) to induce
autophagy in asynchronous conditions. However, their phospho-regulation and functions in
mitosis and cell cycle remain unknown. Here we show that ULK1-ATG13 complex is differ-
entially regulated throughout the cell cycle, especially in mitosis, in which both ULK1 and
ATG13 are highly phosphorylated by the key cell cycle machinery cyclin-dependent kinase
1 (CDK1)/cyclin B. Combining mass spectrometry and site-directed mutagenesis, we found
that CDK1-induced ULK1-ATG13 phosphorylation promotes mitotic autophagy and cell
cycle progression. Moreover, double knockout (DKO) of ULK1 and ATG 13 could block cell
cycle progression and significantly decrease cancer cell proliferation in cell line and mouse
models. Our results not only bridge the mutual regulation between the core machinery of
autophagy and mitosis but also illustrate the positive function of ULK1-ATG13 and their
phosphorylation by CDK1 in mitotic autophagy regulation.

Introduction

Autophagy occurs at basal levels in most tissues to selectively eliminate unwanted cellular com-
ponents and can also be induced in response to various physiological and pathological condi-
tions. Evolutionarily conserved autophagy-related (ATG) proteins play essential roles in
autophagy nucleation, elongation, autophagosome closure, and maturation [1-3]. Unc-51-like
autophagy activating kinase 1 (ULK1)/ATG]1, a mammalian serine/threonine protein kinase,
plays a key role in autophagy initiation [1]. It forms a complex with ATG13 and FAK family-
interacting protein of 200 kDa (FIP200), which enhance ULK1 kinase activity and are vital for
its localization and stability, mediating mammalian target-of-rapamycin (mTOR) signaling to
autophagy [4-6]. On the other hand, many ATG proteins have also been proven to have vital
physiological roles in other cellular processes in higher eukaryotes [2]. For example, emerging
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data show that some ATG proteins, such as ATG7, FIP200, Beclin-1, and ATG5, function in
cell cycle and mitosis regulation [7-10]. However, whether ULK], as the most upstream mem-
ber of autophagy initiation complex, also participates in cell cycle and mitosis regulation has
not been investigated.

Although autophagy has been extensively studied, currently established autophagy regula-
tion mechanisms are mostly from asynchronous cells, in which only around 5% or less are in
mitosis. However, recent studies suggest that autophagy is differentially regulated throughout
the cell cycle [11-14], especially in mitosis [15,16]. Although the autophagosome number at a
fixed time point is much reduced in mitotic cells compared with interphase cells [15], the
autophagic flux is actually active [14,16,17]. Moreover, it has been reported that multiple
kinases are involved in both autophagy and mitosis [11,13], indicating that these 2 cellular pro-
cesses are intertwined. However, the mitotic autophagy regulation is still underexplored.

The only work that has investigated the molecular mechanism of mitotic autophagy regula-
tion so far is by Furuya and colleagues [15]. They reported reduced phosphatidylinositol-
3-phosphate (PtdIns3P) in mitosis, which suggested decreased VPS34 complex activity. They
further identified VPS34-Thr159 as the mitotic-specific phosphorylation site by CDK1 (the
mammalian homolog of Cdc2 in yeast), which is one of the cyclin-dependent kinases (CDKs)
that coordinate with their cyclin partners to regulate cell cycle progression. This work has pro-
vided very important insights into the mitotic regulation of autophagy machinery. However,
whether other molecular mechanisms are also involved in mitotic autophagy regulation is still
unknown, especially the one that is responsible for the active autophagy flux maintenance in
mitosis.

It is well known that ULK1-ATG13, the core machinery for the ULK1 autophagy initiation
complex, was phospho-regulated primarily by mTOR and AMP-activated protein kinase
(AMPK) to control autophagy induction in asynchronous cells [18-21]. However, its regula-
tion mechanism and function in mitosis and cell cycle are still unknown. Here we found that
ULK1-ATG13 not only plays essential roles in cell cycle progression but also is directly phos-
phorylated by CDK1/cyclin B in mitosis to regulate mitotic autophagy and cell cycle
progression.

Results

The electrophoretic mobility shift of mitotic ULK1 is due to its
phosphorylation

To dissect the underlying mechanism of ULK1-ATG13 regulation during cell cycle and mito-
sis, we synchronized HeLa cells (human cervical cancer cells) using double-thymidine and
nocodazole, a microtubule destabilizing reagent. Surprisingly, both ULK1 and ATG13 under-
went a significant electrophoretic mobility shift in mitosis, whereas other ATGs such as ATGS5,
Beclin-1, or ATG101 did not (Fig 1A). In addition, we also used thymidine and a specific
CDK1 inhibitor RO-3306 [22] for synchronization. Cells were treated with RO-3306 for 10
hours after thymidine release for 2 hours. Then, RO-3306 was washed out so that the cells can
sequentially enter specific phases of mitosis. We found that the ULK1 and ATG13 electropho-
retic mobility shifts were closely correlated with mitotic progression (Fig 1B).

We first examined ULK1 to see whether its electrophoretic mobility shift was due to its
phosphorylation in mitosis by using immunoprecipitation from ULK1-expressing cell lines.
Because mouse ULK1 (mULK1) has been validated in multiple studies in human cells
[5,6,18,19,23], we constructed human embryonic kidney 293T (HEK-293T) cell lines overex-
pressing FLAG-tagged mULK1 (Q6PB82 in Uniprot, BC059835 in GenBank) or green fluores-
cent protein (GFP) control. The immunoprecipitated ULK1 shows an obvious band shift in
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Fig 1. ULK1 undergoes electrophoretic mobility shift and is highly phosphorylated in mitosis. (A) ULK1-ATG13
shows a mobility shift in mitosis. HeLa cells synchronized by double-thymidine release in the presence or absence of
nocodazole were subjected to SDS-PAGE and western blot analysis. (B) ULK1-ATG13 undergoes band shift during
mitotic progression. HeLa cells synchronized by double-thymidine and RO-3306 were released into mitosis for
western blot analysis. (C) ULKI is phosphorylated in nocodazole-arrested mitosis. The 293T cells overexpressing
FLAG-tagged mULK1 or GFP were synchronized by single-thymidine and nocodazole. The immunoprecipitates using
the FLAG antibody were subjected to Coomassie Brilliant Blue R-250 staining and western blot analysis. Statistical
analysis for relative serine/threonine phosphorylated ULK1 was shown in Fig 1C, lower panel. n =4, **p < 0.01. (D)
The immunoprecipitates from Fig 1C were treated with or without APP in the presence or absence of PPIs and then
subjected to western blot analysis. (E) ULK1 undergoes mobility shift in both nocodazole- and STLC-arrested mitosis.
HeLa cells synchronized with single-thymidine and nocodazole or STLC were analyzed by western blot analysis. The
upper panel shows the immunoblotting and the lower panel shows the ratio of upshifted and nonshifted ULK1. One-
way ANOVA followed by Tukey’s multiple comparison test was used for the analysis. n = 5, ***p < 0.001. (F) ULK1
undergoes phosphorylation-induced electrophoretic mobility shift in single-thymidine and nocodazole synchronized
mitotic HCT 116 and RPEI cells analyzed by western blot analysis. Numerical data underlying the figure panels are
available in S1 Data. Asyn, asynchronous; ATG, autophagy-related; DT-R2h, double-thymidine block and release for 2
hours; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; IP,
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mitosis both on the Coomassie brilliant blue-stained gel as well as on western blot (Fig 1C).
Using a general anti-phosphoserine/threonine antibody [24,25], our results indicate that
ULKT1 is highly phosphorylated on serine/threonine in mitotic cells compared with asynchro-
nous cells (Fig 1C). Then, we treated the ULK1 immunoprecipitation products with lambda
phosphatase in the presence or absence of its inhibitors (Fig 1D). The FLAG-tagged mULK1
band was downshifted by lambda phosphatase treatment, which can be reversed by phospha-
tase inhibitors. The same pattern occurs with the phosphoserine/threonine antibody-detected
band (Fig 1D). These results confirmed that the electrophoretic mobility upshift of ULK1 in
mitosis is due to its phosphorylation.

To rule out the possibility that the band shift was caused by nocodazole-induced microtu-
bule disruption, but not mitosis per se, we used a specific Eg5 inhibitor STLC [26] to synchro-
nize HeLa cells to mitosis. We found that STLC could induce ULK1 band shift similar to
nocodazole treatment, although to a lesser extent (Fig 1E). The dramatic band shift phenom-
ena were also verified for endogenous ULK1 in human colorectal cancer cells (HCT 116) and
human retinal pigmented epithelial cells (RPE1) (Fig 1F), as well as endogenous ULK1 and
exogenous mULK]1 in HEK-293T and HeLa cells (S1A and S1B Fig). Therefore, ULK1 is highly
phosphorylated in mitosis of multiple cell types.

It should be mentioned that the original antibody we used for ULK1 (Cell signaling tech-
nology, #8054) did not detect the upshifted band but only showed decreased signal in mitosis
(S1C Fig, the upper blot). However, it is interesting that when the polyvinylidene fluoride
(PVDF) membrane was treated with lambda phosphatase to remove the phosphorylation, the
upshifted band appeared (S1C Fig, the lower blot), which indicates that the mitotic ULK1
phosphorylation might interfere with the recognition of this specific antibody. Therefore, for
all work other than indicated, we used another ULK1 antibody (Cell Signaling Technology,
#4776) instead because it is consistent with the FLAG antibody recognition pattern (detecting
the FLAG-tagged mULK1) as well as Coomassie staining in the FLAG-mULK1-expressing
cells (Fig 1C).

ULK1-ATG13 can be recognized by CDK substrate phosphorylation
antibodies

Because phosphorylation-induced mobility shift is often indicative of phosphorylation on ser-
ine/threonine-proline residues [27], we first used Scansite 3 (Michael B. Yaffe Laboratory—
Koch Institute, MIT) (http://scansite3.mit.edu/) to predict the potential kinases with proline-
directed serine/threonine motif preference (the minimal consensus motif S/T-P, the optimal
sequence S/T-P-X-R/K) [28,29], which revealed CDK1, CDKS5, and mitogen-activated protein
kinase 1/3 (MAPK1/3) as potential candidates for ULK1. We also constructed ATG13-overex-
pressing (075143-2 in Uniprot, BC002378 in GenBank) cell line and performed immunopre-
cipitation in synchronized 293T cells overexpressing FLAG-tagged mULK1, ATG13, or GFP
control (Fig 2A and 2B). Then, we examined the ULK1 or ATG13 immunoprecipitation prod-
ucts using motif antibodies for phospho mitogen-activated protein kinase (p-MAPK)/CDK
substrate (PXS*P or S*PXR/K), p-CDK substrate [(K/H)pSP], and phospho-threonine-proline
[30-32]. In fact, both the ULK1/FLAG antibodies and the CDK or MAPK/CDK substrate-
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Fig 2. ULK1-ATG13 can be recognized by CDK substrate phosphorylation antibodies. (A-B) ULK1-ATG13 upshifted band in mitosis could be
recognized by CDK substrate-specific antibodies. The 293T cells stably expressing FLAG-tagged mULK1 or ATG13 were synchronized by single-
thymidine and released in the presence or absence of nocodazole. The coimmunoprecipitates and input were immunoblotted with specific antibodies.
The phospho-signal was quantified relative to the FLAG antibody-detected bands (mULK1/ATG13-3FLAG) in IP; the IP signal of mULK1/ATG13-
3FLAG was quantified relative to its input. Various cell cycle markers were detected to show the respective phases of cell cycle. ATG, autophagy-related;
CDXK, cyclin-dependent kinase; FIP200, FAK family-interacting protein of 200 kDa; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green
fluorescent protein; IP, immunoprecipitation; mULK1, mouse ULK1; p-MAPK, phospho mitogen-activated protein kinase; ULK1, unc-51-like
autophagy activating kinase 1.

https://doi.org/10.1371/journal.pbio.3000288.9002

specific phosphorylation antibodies could recognize a significant amount of ULK1 or ATG13
in both upshifted and nonshifted bands in mitotic cells compared with cells in other phases,
which further indicates that ULK1-ATG13 was differentially regulated at both protein and
phosphorylation levels during cell cycle (Fig 2A and 2B).
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ULK1 is a direct substrate of CDK1/cyclin B in mitosis

Because those aforementioned phospho-specific motif antibodies are not strictly specific, we
hypothesized that the phospho-signal of ULK1 observed during thymidine release process is
possibly due to the kinase activity of CDK1-cyclin B in mitosis and other CDKs or CDK1-cy-
clin A during S-G2 phase [33,34]. To find out the exact upstream kinase of ULK1 specifically
in mitosis, we used various kinase inhibitors (Fig 3A), including multiple Aurora kinases
inhibitors Hesperadin, GSK1070916, MLN8237, and AZD1152-HQPA [35-38]; mammalian-
target-of rapamycin complex 1 (mTORC1) inhibitor rapamycin [39]; and CDKs inhibitors
PHA793887, AZD5438, and RO-3306 [22,40,41], to examine their effects on mitotic ULK1
mobility shift (Fig 3B). Although none of the mTORCI, CDK2, CDKS5, or CDK?7 inhibitors
could significantly reduce the ULK1 mobility shift, it was interesting that both CDK1 inhibi-
tors AZD5438 and RO-3306 completely abolished the shift, whereas the CDK2/5/7 inhibitor
PHA793887 did not (Fig 3B, the upper panel). In addition, although most Aurora kinases
inhibitors have no effect, the Aurora A inhibitor MLN8237 moderately reduced ULK1 band
shift. However, we found that the other 2 Aurora A inhibitors, MLN8054 and Aurora A inhibi-
tor I, did not have such effect (S2A Fig). Moreover, because treating cells with Aurora or
CDK1 inhibitors for 1.5 hours could induce loss of mitotic cells, which was shown by phospho
histone H3 serine 10 [pH3(S10)], one of the most commonly used mitotic markers [42,43], or
cyclin Bl reduction (Fig 3B and S2 Fig), the Aurora A inhibitor MLN8237-induced ULK1
mobility change is likely caused by cell cycle alteration. The fact that MLN8237 treatment for a
shorter time (1 or 0.5 hours) did not cause ULK1 band shift change or cyclin B1 reduction
(S2B Fig) further supports that Aurora A is less likely to be the upstream kinase for ULK1.
However, when we treated the mitotic HeLa cells with RO-3306 for as short as 3 minutes,
which did not reduce the pH3(S10) or cyclin Bl level (Fig 3B, the lower panel), we still
observed the significant reduction of mitotic ULK1 mobility shift. Therefore, CDK1 is likely
the major ULK1 upstream kinase that is responsible for its mobility shift in mitosis.

Next, we examined the in vivo association between ULK1 and CDK1 to further confirm
their kinase-substrate relationship. ULK1 immunoprecipitation revealed that CDK1 and its
mitotic partner cyclin Bl can be coimmunoprecipitated by ULK1 (Fig 3C). Reciprocally, we
also established a FLAG-tagged CDK1-overexpressing 293T cell line and found that ULK1
could also be coimmunoprecipitated by the FLAG-CDKI1 (Fig 3D), which further confirmed
that CDK1 interacts with ULK1. Importantly, we also performed in vitro kinase assay using
purified CDK1/cyclin B kinase complex and immunoprecipitates using FLAG antibody from
293T ULK1-knockout (KO) cells reconstituted with FLAG-mULK1. We found that ULK1
could be highly phosphorylated and upshifted by CDK1/cyclin B complex, which could be
antagonized by the CDKI1 inhibitor RO-3306 (Fig 3E). All these results confirm that ULK1 is a
direct substrate of CDK1.

To further investigate ULK1 in mitosis, we constructed ULK1-KO HeLa and 293T cells
using CRISPR/Cas9 (S3A and S3B Fig). Moreover, because ULK1 could be autophosphory-
lated, the kinase-dead ULK1-K46I mutant [19,44] was also investigated. Using HeLa
ULKI1-KO cells reconstituted with FLAG-ULK1-K46], our results show that ULK1-K46I could
undergo mobility shift and mitotic phosphorylation as well (S3C and S3D Fig). Consistent
with the cellular experiments (S3C and S3D Fig), in vitro kinase assay also suggested that
CDK1/cyclin B could phosphorylate ULK1-K46I and induce its band shift (S3E Fig). There-
fore, the ULK1 phosphorylation in mitosis is independent of ULK1 kinase activity. Addition-
ally, ULK2, a member of ULK1 kinase family, was also found to be phosphorylated in mitosis,
which can be recognized by CDK substrate phosphorylation antibody and FLAG antibody
(detecting FLAG-tagged mULK2, mULK2-3FLAG) (54 Fig).
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Fig 3. ULK]1 is a substrate of CDK1/cyclin B in mitosis. (A) Illustration of cell synchronization and kinase inhibitors treatment. HeLa cells were
synchronized with single-thymidine and nocodazole. Kinase inhibitors were added for different timepoints, ranging from 3 minutes to 1.5 hours. (B)
CDK1 inhibitors, but not Aurora kinase, mTORCI, and other CDK inhibitors, abolished the ULK1 band shift in mitosis. HeLa cells synchronized and
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https://doi.org/10.1371/journal.pbio.3000288.g003
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ATG13 is also a direct substrate of CDK1/cyclin B in mitosis

As mentioned earlier, AT'G13 has the same electrophoretic mobility shift in mitosis as ULK1
does. However, another component of the ULK1 complex, the ULK1-interacting protein
FIP200 [45], did not show mitotic mobility shift (Fig 4A). We also found that the upstream
kinase of both ULK1 and ATG13 in interphase, AMPK, does not contribute to the mitotic
mobility shift, as demonstrated by the results of an AMPK inhibitor Compound C [46]

(Fig 4B). In contrast, similar to ULK1, ATG13 mobility shift in mitosis was decreased by the
CDK1/cyclin B-specific inhibitor RO-3306 (Fig 4C and S5A Fig), which was further con-
firmed by coimmunoprecipitation (S5B Fig). These demonstrate that mitotic ATG13 is also
phosphorylated by CDKI1.

Next, we performed coimmunoprecipitation to examine the interaction between ATG13
and ULK1 or CDK1 in 293T cells overexpressing FLAG-ATG13. Phospho-antibodies of both
proline -directed phosphoserine and threonine showed significant signal increase for the
mitotic ATG13 (Fig 4D). The electrophoretic mobility shift was also apparent. Moreover, both
CDK1 and cyclin Bl could be coimmunoprecipitated by ATG13 (Fig 4D), which confirmed
the interactions among ATG13, ULK1, and CDK1/cyclin B1.

Because ATG13 is a substrate of ULK1 [47], it is possible that ULK1 phosphorylates ATG13
to regulate its mobility shift in mitosis. However, ULK1 kinase activity is dispensable for
ATG13 mitotic mobility shift according to the data from kinase-dead ULK1-K46I-expressing
cells (S3D Fig, the input and IP for ATG13). It should be mentioned that in mitosis, the extent
of ATG13 band shift is indistinguishable between ULK1-KO and ULK1-overexpression cell
lines but is abrogated by RO-3306 (S5C Fig, ATG13 blot of lane 1/2 and lane 3/4). This indi-
cates that ATG13 phosphorylation-associated electrophoretic mobility shift in mitosis is
dependent on CDK1/cyclin B kinase activity but not its well-known kinase ULK1, which is
consistent with the ULK1-K46I data (S3D Fig). However, cells with ULK1-KO had down-
shifted ATG13 compared with cells exogenously expressing ULK1 (S5D Fig, ATG13 blot of
lane 1/2 and lane 3/4) because ULK1 phosphorylates ATG13 in asynchronous conditions [47].
In fact, in vitro kinase assay demonstrates that ATG13 could be directly phosphorylated and
upshifted by purified CDK1/cyclin B kinase complex, which is confirmed by the upshifted/
phosphorylated ATG13 band using both ATG13 immunoprecipitates and ULK1 coimmuno-
precipitates as substrates (Fig 4E and 4F).

ULK1 and ATG13 phosphorylation sites in mitosis by CDK1/cyclin B

To identify the ULK1 phosphorylation sites in mitosis, we combined Scansite prediction and
mass spectrometry analysis. We first selected 3 potential sites of mouse-derived ULK1, serine
622, threonine 635, and threonine 653, because they had high scores in Scansite prediction for
proline-dependent serine/threonine kinase group (Pro_ST_kin), and their phosphorylation
signals were also specifically identified in mitotic cells by mass spectrometry analysis (Fig 5A).
Site-directed mutagenesis was used to mutate these sites from serine/threonine to unpho-
sphorylatable alanine in FLAG-mULK1. Using 293T cells stably expressing FLAG-GFP as con-
trol, immunoprecipitation for FLAG-tagged mULK1-S622A/T635A/T653A mutants was
conducted in both asynchronous and mitotic cells. Although none of the single mutations
obviously disrupted ULK1 phosphorylation or band shift in mitosis (Fig 5B),
S622A&T635A&T653A triple mutant significantly decreased the electrophoretic mobility shift
compared with wild-type (WT) ULK1 (Fig 5C).

Because even the triple mutant did not completely abolish the band shift, we further
mutated more predicted sites in the triple mutant (5622/T635/T653A [3A]) background. It
shows that the 11A (5622&T635&T653&5479&S5543&S413&T401&S403&S405&T282&T502A)

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000288 June 9, 2020 8/29


https://doi.org/10.1371/journal.pbio.3000288

PLOS BIOLOGY CDK1 phosphorylates ULK1-ATG13 complex

Hela cells
A B Thymidine& — & ®
GFP- mULK1- Nocodazole
o 3FLAG  3FLAG CompoundC 1.5h (uM) 0 0 10 ypy
Lhymldmel& . N 5l
ocodazole ] _:gg ULKA w
% ATG13 “._70 e
L 8 ATG13| ) .-
a | FIP200 -.ew 0 °
£ | Phospho-Acetyl-CoA
100 2| Carmoxylase (Ser7o) N M W
ATGT3 | s s i /(| Carboxylase (Ser79) 170
e ]
5 | FIP200 Fi s s s T172 55
g 170 lin B1 = E
= cycl
GAPDH]._—___—-L35 =
GAPDH | i i | .
D -
ATG13- GFP- C B ki 2
Thymidine& 3FLAG 3FLAG C inhibitor: RO-3306
Nocodazole - + - |pa DMSO 15 10 5 3 min
100 Thymidine + + + + + +
p-CDK Nocodazole - + + + + + | .
substrate motif 70 o | 100
100 2 [ATGT3 - . . -
p-Thr-Pro g P
e A 70 5
i e W e . sy S
(ATG13-3FLAG) - - 70 = peAGH] 40
V]
é cyclin B1 E% E Immunoprecipitates ATG13-3FLAG
a CDK1/eyclinB - + +
- c:omEl‘?’5 RO-3306 (10uM) - -+ pa
ULK1 e .| ATG13
©
<]
T ®©
ATG13 | - Z o p-Thr-Pro
70 = ©
170 5 CDK1
ULK1 .
. -—130 F -~
Immunoprecipitates mULK1-3FLAG-WT
3 pH3(S1°)|Z]‘15 CDK1leycinB -+
< - kDa
i e ©
cyclin B1 —— | 5o I § ATG13 —-_70
= L35
B-Tubulin | s s—— 55 . CDK1 L ad
s

Fig 4. ATG13 is a substrate of CDK1/cyclin B in mitosis. (A) Mitotic ATG13 undergoes mobility upshift in mitosis
in electrophoresis. The 293T cells overexpressing FLAG-tagged mULK1 or GFP were synchronized by single-
thymidine in the presence or absence of nocodazole and coimmunoprecipitated by the FLAG antibody followed by
western blot analysis. Size of endogenous ATG and expressed FLAG-tagged ATG13 were not distinguishable in
electrophoresis here. (B) The effect of AMPK inhibition on ULK1 and ATG13 mobility shift in mitosis. The AMPK
inhibitor Compound C was used to evaluate the role of AMPK on ULK1 or ATG13 mobility shift as Fig 3B. Phospho-
AMPKo.-T172 and phospho-Acetyl-CoA Carboxylase (Ser79) were used to indicate AMPK inhibition. (C) CDK1
inhibitor RO-3306 decreases the ATG13 band shift in mitosis. HeLa cells synchronized and treated as Fig 3A were
subjected to western blot analysis. (D) ATG13 is phosphorylated and interacts with CDK1/cyclin B1 in mitosis. The
293T cells overexpressing FLAG-tagged ATG13 were synchronized by single-thymidine in the presence or absence of
nocodazole. The coimmunoprecipitates by FLAG antibody were subjected to western blot analysis. (E-F) ATG13 is
directly phosphorylated by purified CDK1/cyclin B complex in vitro. The ATG13 immunoprecipitates from
asynchronous 293T cells overexpressing FLAG-tagged ATG13 or ULK1 and purified CDK1/cyclin B complex were
subjected to in vitro kinase assay with or without RO-3306 followed by western blot analysis. (E) shows representative
western blot analysis of the ATG13 immunoprecipitates as substrate, and (F) shows the representative western blot
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analysis of the ULK1-WT coimmunoprecipitates as substrate. AMPK, AMP-activated protein kinase; ATG,
autophagy-related; CDK, cyclin-dependent kinase; FIP200, FAK family-interacting protein of 200; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; IP, immunoprecipitation; mULK1, mouse
ULK1; ULK]1, unc-51-like autophagy activating kinase 1; WT, wild type.

https://doi.org/10.1371/journal.pbio.3000288.g004

mutant collapsed the electrophoretic mobility shift and abolished ULK1 phosphorylation (as
indicated by the p-Thr-Pro signal in Fig 5E) in mitosis, whereas the other mutants, including
the 3A-S479&S543A (5A), 5A-S411&S413A (7A), 5A-S413&T401&S403&S405A (9A), and
9A-T282A (10A), still have detectable phosphorylation signals and upshift in mitosis (Fig 5D
and 5E). Importantly, in vitro kinase assay using purified CDK1/cyclin B proteins also showed
that the extent of upshift for ULK1-11A is much less compared with ULK1-WT (Fig 5F).
Therefore, besides the 3 major sites (§622A/T635A/T653A), CDK1/cyclin B phosphorylates
multiple other sites of ULKI in mitosis. In addition, using mass spectrometry and site-directed
mutagenesis, specific phosphorylation sites of mouse ULK2 in mitosis were also preliminarily
identified (S6A-S6C Fig).

As for ATG13, we also combined Scansite prediction and mass spectrometry analysis,
which identified 4 sites, ATG13-T342/T1332/S44/S224 (Fig 5G). To confirm the ATG13 phos-
phorylation sites in mitosis, we constructed their alanine mutants in ATG13-KO HeLa cell
line (Fig 5H and S7 Fig). Site-directed mutagenesis, western blot analysis, and immunoprecipi-
tation were combined for site verification (Fig 5H and 5I), and we found that the 4-site mutant
significantly decreased the electrophoretic mobility shift and the phosphoserine/threonine-
proline signals compared with WT ATG13 (Fig 5I).

It should be noted that the phosphorylation sites we identified in both ULK1 and ATG13
are conserved between different isoforms (S8A and S8B Fig). Moreover, because it is well
established that mTOR and AMPK regulate autophagy through ULK1/ATG13 in asynchro-
nous cells [18,19], we summarize the known phosphorylation sites of ULK1 and ATG13 (S9
Fig) and further examined whether their known fundamental sites of mTOR and AMPK [18-
21] contributed to ULK1/ATG13 band shifts in mitosis. Our results show that ULK1-S757/
S637/S555 did not obviously contribute to ULK1 band shift (S10A Fig). For ATG13, we
observed some mobility shift changes caused by S224 mutation because $S224 is a common site
for both CDK1 and AMPK (S10B Fig).

CDK1 phosphorylates ULK1-ATG13 to increase mitotic autophagy

Although ULK1-ATG13 complex is a key autophagy regulator, its function has only been
investigated in asynchronous cells. To unravel the function of these phosphorylation events
that occur specifically in mitosis, we constructed ULK1 and ATG13 double WT or mutant cell
line in HeLa ULK1&ATG13 double knockout (DKO) parental cell line (S11 Fig). We found
that ULK1 or ATG13 was diffusely distributed in mitotic cells, which were not affected by
ULK1/ATG13 alanine mutations (Fig 6A). Given that ATG13-Ser355 phosphorylation was
used to evaluate ULK1 kinase activity [47], which is verified by the lack of phospho-signal in
cells expressing kinase-dead K461 ULK1 (Fig 6B, lane 1), we found that the 11A mutation did
not affect ULK1 kinase activity (Fig 6B, lanes 2 and 3).

Next, we examined the effects of these alanine mutations on autophagy. First, we con-
structed GFP-LC3-red fluorescent protein (RFP) stable cell lines in which the GFP/RFP signal
ratio reciprocally correlates with autophagic activity [48]. According to both the relative GFP/
RFP ratio and LC3-II turnover [3], the autophagy inhibition was confirmed for K46I kinase-
dead mULK1 and ULK1-KO (S12A and S12B Fig), which is consistent with the known

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000288 June 9, 2020 10/29


https://doi.org/10.1371/journal.pbio.3000288.g004
https://doi.org/10.1371/journal.pbio.3000288

PLOS BIOLOGY

CDK1 phosphorylates ULK1-ATG13 complex

A

F

G

Peptides and sites in mouse ULK1 identified by MS B GFP-3FLAG mULK1-3FLAG
. Y . T
Phosg&i}g;ylated Peptide in mouse ULK1 (Mitosis :psecmc?) ﬁhymédmel& T653P; ?622:1\ - WT . :|'635;§
Serine-224 K APFQAS#SPQDLR.L Yes ocodazole KDa
Serine-622 R.SPLPPILGS#PTK.A Yes ULK1 BED s PG L 170
Serine629  K.AGPS#FDFPKTPSSQNLLTLLAR.Q Yes o - s dhamdibnd L
Threonine-635 K. AGPSFDFPKT@PSSQNLLTLLAR.Q Yes < p-CDK 170
Serine-637 K AGPSFDFPKTPS#SQNLLTLLAR.Q Yes L |substrate motif s - N = 30
Serine-638  KAGPSFDFPKTPSS#QNLLTLLAR.Q Yes <N 170
Threonine-653 R.QGVWMI@PPR.N Yes p-Thr Pro| il s B i il B . B —I:13o
Serine-983 R LILS#HAVQMVQSAALDEMFQHR.E Yes 0
Serine-991  R.LILSHAVQMVQS#AALDEMFQHR E Yes ULKY | R s ™ e " o v _130
mULK1-3FLAG *g_
. WT  T635/5622/T653A T635/S622A < [N B || e s — —
Ehymédmel& — e = cyc | —— — —|_55
ocodazole kDa B-Actin | |—4o
FLAG - . 170 -
(MULK1-3FLAG) | f— — A —— 3 130 D 3A- 3A- 3A-
8 . : 575 MULK1-3FLAG: WT ~ 3A S543A S479A T282A
e ULK1 ! - fe=c] Thymidine& 4 .
2 ~”’ - —130 o Notodazole -~ * t *f -t -+ - kDa
b [e]
0] et - 170
‘8‘ cyclin B1| — —_— —-|>55 -g ULK1|~~«« v *““ﬂ”-"tmo
= g FLAG|E . L 170
pH3(S10) - C— —_ 15 é (MULK1-3FLAG) (I g . —
B-Actin ——— -_|‘4° MULK1-3ELAG: 5A  7A  WT  9A  10A 11A
Thymidine&
__MULK1-3FLAG No%oaazole + = + =+ =+ - F = KDa
Immunoprecipitates  WT  11A mutant -170
CDKlfeyelinB - + -  + kpa | PThePro - ' 5
<
—170 = FLAG . 170
> p-Thr-Pro - = 130 | mukr-sriag)| - = 2% a0 B e . s e o ==l 130
a
[ r —
2]
© ; : o —170 -170
Y .- L - ” L I R N )
o ULK1 | g '”_130 ULK1 . e, . | 5o
£
X
o FLAG - 170 | ATG13-3FLAG
g (mULK1-3FLAG) - . 130 T342A&T332A
WT &S44A&S224A
s L MAGSL2AA GFP-3FLAG
SO Thymidine& + - $ -
-— — 35 Nocodazole kDa
p-CDK
Peptides and sites in ATG13 identified by MS substrate motif
Phosphorylated de i Yes (Mitosis specific?)/
sites Peptide in human ATG13 Fold change (Mitotic/asynchronous) % p-Thr—Pro
Serine-44 SSSS#PTGSDWFNLAIK 17.1 o
Threonine-204  T@PPIMGIIIDHFVDRPYPSSSPMHPCNYR Yes a FLAG
Serine-224 PYPSSS#PMHPCNYR 5.4 WTGISSFLAG)
Threonine-332 LATCT@PSDR Yes GFP
Threonine-342  THCAAT@PSSSEDTETVSNSSEGRAS Yes (GFP-3FLAG)
Serine-361 AS#PHDVLETIFVR 8.9
ATG13
T342A T342A&T332A T342A&T332A (ATG13-3FLAG)
Thymidineg, 1342A  8T3%2A WT 8S44A85224A &SMA —
- + . + - + - + - + - FLAG .; | GFP-
52 Nocodazole kDa 3| (eFrarLaG) 2ol [ 3FLAG
(o] l— (o
K] FLAG 100 c ) 70
S |ateraariac | TN g S - SN am - - cyclin B1 - -
@
§ B-Tubulin 55 B_TUbu“n — e i e |55

Fig 5. ULK1 and ATG13 phosphorylation sites in mitosis by CDK1/cyclin B. (A) The mitotic-specific phosphorylated sites identified by MS in
mitotic mULK1 compared with asynchronous mULKI. (B-C) S622/T635/T653 phosphorylation contributes to ULK1 mobility shift in mitosis. The
293T cells overexpressing FLAG-tagged mULK1-5622/T635/T653 mutants were synchronized with single-thymidine and nocodazole. Then
immunoprecipitation for single mutant with FLAG antibody (B) or western blot analysis for double and triple mutant (C) was performed. (D-E) More
sites contribute to ULK1 band shift. Based on triple 3A mutant, the other 8 Ser/Thr sites were mutated into Ala. The 293T cells expressing various
mutants were synchronized into mitosis with thymidine and nocodazole for immunoprecipitation by FLAG antibody and western blot analysis. (F)
ULK1-11A mutant was not upshifted or phosphorylated by CDK1/cyclin B kinase complex in vitro. The ULK1-11A mutant immunoprecipitates from
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asynchronous 293T cells overexpressing FLAG-tagged mULK1 and purified CDK1/cyclin B complex were tested in an in vitro kinase assay and western
blot analysis. (G) The phosphorylated sites identified by MS in mitotic ATG13 compared with asynchronous ATG13. (H-I) ATG13-T342/T332/S44/
§224 phosphorylation contributes to ATG13 mobility shift in mitosis. HeLa-ATG13 KO cells (H) or 293T cells (I) overexpressing FLAG-tagged
ATG13-T342/T332/544/S224 mutants were synchronized with single-thymidine and nocodazole. Then western blot analysis for 4-site mutant (H) or
immunoprecipitation and input for mutants with FLAG antibody (I) was performed. 3A, S622/T635/T653A; 5A, 3A-S479&S543A; 7A,
5A-S411&S413A; 9A, 5A-S413&T401&S403&S405A; 10A, 9A-T282A; 11A, 10A-T502A; ATG, autophagy-related; CDK, cyclin-dependent kinase; GFP,
green fluorescent protein; IP, immunoprecipitation; MS, mass spectrometry; mULK1, mouse ULK1; ULK1, unc-51-like autophagy activating kinase 1;
WT, wild type.

https://doi.org/10.1371/journal.pbio.3000288.9005

function of ULK1. Furthermore, we found that the autophagy activity was decreased in both
ULKI&ATG13 double mutant cells and DKO cells (Fig 6C and S12C Fig). However, for ULK1
or ATG13 alone, the autophagy level was not affected in ULK1-11A mutant cells or only
slightly decreased in ATG13-T342/T332/544/S224A (4A) mutant cells (S12D and S12E Fig).
Furthermore, we used autophagic flux to examine the amount of autophagic degradation to
indicate autophagy activity. Autophagic flux inhibitors such as chloroquine (CQ) could cause
autophagy marker LC3-II accumulation because of blocked LC3-II degradation [3]. We found
that LC3B-II accumulation induced by CQ was decreased and p62 level was increased in
ULK1&ATG13 mutant cell lines compared with the WT (Fig 6D). To get complementary
information, LC3B puncta number was also counted by microscopy, which also showed that
autophagy was decreased in ULK1&ATG13 mutant cells (Fig 6E). These results indicate that
these alanine mutations of ULK1&ATG13 decreased mitotic autophagy activity.

We also observed that CDK1 inhibition by RO-3306 induced higher autophagic activity in
both asynchronous and mitotic cells (S12F Fig). This is probably due to the fact that CDK1 has
multiple substrates, and the RO-3306 inhibition results reflected the integrated effects of
dephosphorylation of all the substrates on autophagy. For example, VPS34, AMPK, p62, and
Raptor are all substrates of CDK1 [15,27,49,50] and also key autophagy regulators. Inhibition
of CDK1 will release its inhibition on VPS34, which led to increased mitotic autophagic activ-
ity in a VPS34-dependent way [15]. In addition, RO-3306 could also inhibit other targets,
including protein kinase C-delta (PKC$) and serum/glucocorticoid-induced kinase (SGK),
that inhibit autophagy [22,51,52], which could also lead to increased autophagic activity.

ULK1-ATG13 is required for cell cycle progression

Although ULK1-KO cells had similar cell cycle distribution compared with WT HeLa cells in
asynchronized cellular experiments (S13A Fig), the S/G2 transition in ULK1-KO cells was
slightly delayed in synchronized experiment (S13B Fig). Given that the G2 and M phases are
not distinguishable by propidium iodide (PI) staining alone, we further used pH3(S10) to
examine whether ULK1 functions in G2/M transition. Although no differences were detected
for the G2/M percentage in asynchronous WT and ULK1-KO cells, the mitotic progression is
significantly inhibited in ULK1-KO cells synchronized with thymidine and nocodazole. It was
shown by the percentage of pH3(S10) positive cells using flow cytometry (S14A Fig) or western
blot analysis for cell cycle markers (S14B Fig). The antibody for p-CDK Substrate Motif [30]
recognizes the substrate of CDK, whose phosphorylation level reflects the CDK activity and is
used as a mitotic marker. Besides, either the upshifted band of myelin transcription factor 1
(Mytl) or the lower phosphorylation level of Cdc2-Y15 in mitosis [53] could also be used as
cell cycle progression markers. Given that ULK1 is a serine/threonine protein kinase, the con-
tribution of ULK1 kinase activity to mitotic entry was examined in cell lines expressing WT
ULK1 or kinase-dead ULK1-K46I mutant. Our results show that the ULK1 kinase activity has
little effect on mitotic entry (S14C Fig).
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Fig 6. ULK1-ATG13 phosphorylation in mitosis promotes mitotic autophagy. (A) The localization of mutant
ULK1-11A and ATG13-4A in mitosis. Cells released from thymidine block for 10 hours were fixed with 3.7%
formaldehyde for 20 minutes at room temperature and then for blocking and FLAG antibody, Alexa-488 conjugated
secondary antibody, DAPI staining. Scale bar, 10 um. (B) The ULK1 kinase activity is not affected by the 11A
mutation. ATG13-Ser355 is the substrate of ULK1, which corresponds to Ser318 of ATG13 isoform 2. ULK1-KO 293T
cells reconstituted with ULK1-WT, ULK1-11A, or ULK1-K46I were plated and lysed with M-PER. The western blot
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for ATG13-Ser355 indicated that ULK1 activity was not affected by 11A mutation. # = 3. (C) Autophagy activity was
examined in ULK1&ATG13 double WT or mutant (“Mut”) cells expressing GFP-LC3-RFP by flow cytometry.
ULK1&ATG13 double WT or mutant cells, HeLa, or HeLa- ULK1&ATG13 DKO cells stably expressing
GFP-LC3-RFP were established by infection of retrovirus packaged by pMRX-IP-GFP-LC3-RFP and helper plasmids
Vsvg and pMLV. Mitotic cells were collected by shake-off from thymidine and nocodazole synchronized cells for flow
cytometry detection. The GFP/REFP ratio inversely correlated with autophagy activity. n = 4, ***p < 0.001,

****p < 0.0001. (D) The autophagic flux of HeLa-DKO cells stably overexpressing double WT or mutant FLAG-tagged
mULK1 and ATG13. Cells synchronized to mitosis with thymidine and nocodazole were shaken off and treated with
or without autophagy inhibitor 25 uM CQ for 1 hour. The left panel is a representative western blot, and the right
panel is the statistical result for LC3B-II and p62. n = 3, *p < 0.05, **p < 0.01. (E) LC3B puncta number was counted,
and the micrographs were captured by Zeiss LSM710 confocal microscope. Scale bar, 10 pm. n = 43, **p < 0.01.
Numerical data underlying the figure panels are available in S1 Data. 4A, T342/T332/S44/S224A; 11A,
S622&T635&T653&S479&S543&S413&T401&S403&S405&T282&T502A; ATG, autophagy-related; CQ, chloroquine;
Ctrl, control; DAPI, 4 DAPdiamidino-2-phenylindole; DKO, double knockout; GFP, green fluorescent protein; KO,
knockout; M-PER, Mammalian Protein Extraction Reagent; mULK1, mouse ULK1; n.s., not significant; RFP, red
fluorescent protein; ULK1, unc-51-like autophagy activating kinase 1; WT, wild type.

https://doi.org/10.1371/journal.pbio.3000288.g006

To further confirm the role of autophagy in cell cycle, ATG7-KO or ATG9A-KO cells were
also constructed by CRISPR/Cas9. The mitotic entry delay was also detected in ATG7-KO or
ATGIA-KO cells, which indicates that such effect is related to ATG7/ATG9A/ULK1-depen-
dent autophagy but not ULK1 kinase activity—dependent autophagy (S14D and S14E Fig).

ATG13 was reported to function in mitotic catastrophe [54]. Cell cycle analysis indicated
that ATG13-KO inhibited G2/M transition and decreased the mitotic index (S15A and S15B
Fig), indicating that ATG13 is involved in cell cycle regulation. Although it has been reported
that ATG13 is required for the kinase activity of ULK1 [6], but the ULK1 kinase activity is not
necessary for mitotic progression (S14C Fig). Therefore, the phenotype of the ATG13-KO cells
is likely due to the lack of AT'G13 rather than the ULK1 kinase activity impairment.

To further investigate the role of ATG13 and ULK1 in cell cycle regulation, we combined
ULK1-KO with ATG13 guide RNA (gRNA) transient transfection and found that the cell cycle
progression was inhibited (S15C and S15D Fig). Further, ULK1&ATG13-DKO cell line
showed significant delays in cell cycle progression (Fig 7A and S15E Fig) compared with
ULKI or ATG13 KO alone (S14A and S15A Figs). The immunoblotting of cell cycle markers
verified the mitotic index and cell cycle distribution data (Fig 7B). To rule out the off-target
effect, rescue assays were performed in KO cells with exogenously expressed ULK1-ATG13 for
mitotic entry and cell doubling time measurement, which confirmed the specificity of ULK1
and ATG13 KO (S16A and S16B Fig). Furthermore, DKO interfered with cyclin Bl and pH3
(510) decrease more significantly than ULK1 or ATG13 single KO (Fig 7C), and the growth
rate of HeLa-DKO cells was significantly slowed down compared with HeLa cells (Fig 7D),
which indicates that ULK1-ATG13 work together as a complex to regulate cell cycle.

Next, we investigated the role of ULK1-ATG13 phosphorylation in cell cycle progression.
Although ULK1 and/or ATG13 mutant did not affect cell cycle distribution, the mitotic entry
was delayed (Fig 7E, S17A and S17D Fig). Although ULKI1 or ATG13 mutant alone did not
obviously affect mitotic exit (S17B and S17E Fig), ULK1-ATG13 double mutant could signifi-
cantly decrease mitotic exit (Fig 7F). The cell proliferation was decreased by ULK1-ATG13
double mutant but not ULK1 or ATG13 mutant alone (Fig 7G, S17C and S17F Fig). These
data also indicate that phosphorylated ULK1-ATG13 works together as a complex.

To further test the effect of ULK1-ATG13 in vivo, nude mice bearing ULK1 and ATG13
single or double KO cells were established (S18A and S18B Fig). The tumor weight and volume
of DKO group were significantly lower than all the other groups (Fig 7H and 7I). In contrast,
ULKI1 inhibitor SBI-0206965 [55] and/or ATG13-KO alone were not strong enough to inhibit
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Fig 7. ULK1-ATG13 and their mitotic phospho-regulation by CDKI1 are required for cell cycle progression. (A) ULK1-ATG13 DKO inhibits S/G2
and G2/M transitions. HeLa WT or ULK1&ATG13-DKO cells synchronized into mitosis were subjected to PI and pH3(S10) co-staining for cell cycle
and mitotic index analysis by flow cytometry. n =3, “p < 0.05, **p < 0.01. (B) Representative western blot analysis suggests that ULK1&ATG13 DKO
inhibits mitotic entry, which is shown by mitotic markers and CDK1 substrate phosphorylation. (C) Mitotic exit of ULK1, ATG13, or ULK1&ATG13
KO cells. Cells were synchronized into mitosis with thymidine and NOC and released into NOC-free complete DMEM medium for different
timepoints and then subjected to either PI and pH3(S10) co-staining or cyclin B1 staining for cell cycle, mitotic index, and cyclin B1 level analysis by
flow cytometry. n = 3, *p < 0.05, **p < 0.01. (D) ULK1&ATG13 DKO inhibits cell proliferation. HeLa WT or ULK1&ATG13 DKO cells were plated at
1 x 10° cells/mL and cultured for 1, 2, or 3 days. The cell number was counted by flow cytometry and the doubling time was calculated. Tp, indicates the
average cell doubling time and is calculated as: Tp, = t- [Ig2/(IgNt — 1gN0)], where t is the culture time, Nt is the cell number after culturing, and NO is the
original cell number plated. n = 3, *p < 0.05, ***p < 0.001. (E-G) The role of ULK1-ATG13 phosphorylation in cell cycle progression and cell
proliferation. ULK1&ATG13-DKO cells reconstituted with WT mULK1-3FLAG and ATG13-3FLAG or mutant (“Mut”) mULK1-11A and ATG13-4A,
HeLa, or ULK1&ATG13-DKO cells were treated as (A)/(B) and (D). The mitotic exit (G1%) is the percentage of cells in G1 phase when released for
indicated time. n = 3, **p < 0.01, ***p < 0.001. (H) The relative tumor volume growth curve of nude mice bearing different tumors with or without
SBI-0206965. The nude mice were injected with cells (1 x 10”) in 100 puL PBS/Matrigel Matrix (1:1). Seven days postimplantation, 5 mice in each group
were injected with 0.5% (M/V) methyl cellulose or SBI-0206965 in 0.5% methyl cellulose (20 mg/kg/d) every day for 33 days. Tumor growth was
evaluated every day and tumor volume was calculated as: volume = 1/2 (length x width?). (I) Tumor growth in nude mice bearing WT or KO cells with
or without ULK1 kinase inhibitor SBI-0206965. The protocols were indicated as Fig 7H and the mice were sacrificed, and tumors were harvested and
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weighed up at the end of the experiment. n = 5, *p < 0.05, ***p < 0.001. Numerical data underlying the figure panels are available in S1 Data. 4A, T342/
T332/544/S224A; 11A, S622&T635&T653&S479&S543&S413&T401&S403&S405&T282&T502A; ATG, autophagy-related; CDK, cyclin-dependent
kinase; DKO, double knockout; DMEM, Dulbecco’s Modified Eagle Medium; KO, knockout; mULK1, mouse ULK1; Mytl, myelin transcription factor
1; NOC, nocodazole; n.s., not significant; pH3(S10), phospho histone H3 serine 10; PI, propidium iodide; ULK1, unc-51-like autophagy activating
kinase 1; WT, wild type.

https://doi.org/10.1371/journal.pbio.3000288.g007

tumor growth as efficiently as DKO (Fig 7H and 7I), indicating that targeting ULK1 and
ATG13 together might be a potential anticancer strategy.

Discussion

ULK1-ATG13 complex is mainly phosphorylated by AMPK and mTORCI1 in asynchronous
conditions [18-21], but little was known about its regulation in mitosis. Here we found that
the master cell cycle kinase CDK1 phosphorylates ULK1-ATG13 complex to regulate its func-
tion in autophagy and cell cycle. Besides their known function in autophagy, we also found
that ULK1 and ATG13 coordinate to orchestrate cell cycle progression in both cell line and
mouse models.

Kinases involved in both autophagy and mitosis

Recent literature indicates that there are some kinases that are involved in both autophagy and
mitosis, which could bridge the autophagy and cell cycle regulation. Cell cycle kinases such as
CDKI1, Aurora A, and PLK-1 were found to regulate autophagy, whereas kinases originally
found in autophagy control were shown to regulate mitosis as well, such as mTORCI1 and
AMPK [11,13]. In addition, increasing evidence shows that some other autophagic proteins
such as Beclin-1, sequestosome 1 (SQSTM1)/p62, and gamma-aminobutyric acid receptor-
associated protein (GABARAP) are related to mitotic events [10,50,56,57]. Although it has
been reported that ULK3 (a member of ULK1 kinase family) could regulate cytokinesis and
ATG13 could regulate colchicinamide-induced mitotic catastrophe [54,58], the roles of autop-
hagy kinase complex ULK1-ATG13 in mitotic regulation were still unclear. Although previous
reports implicated possible links between ULK1 and CDK1 [59,60], our study here is the first
report that demonstrates CDK1 phosphorylates ULK1-ATG13 to promote mitotic autophagy
and cell cycle progression.

Although our results show that ULK1 and ATG13 function downstream of CDK1 as kinase
and substrates, the data about ULK1-ATG13 DKO affecting cell cycle progression and the sig-
nal changes of “p-CDK substrate motif” in ULK1-ATG13 DKO cells raised the possibility that
ULKI1 and ATG13 might function upstream of CDK1. However, we found that the kinase-
dead mutant of ULK1-K46I did not affect cell cycle, which indicates that ULK1 kinase activity
is unlikely to affect CDKI1 to influence cell cycle. The signal change of “p-CDK substrate
motif” in ULK1-ATG13 DKO cells is possibly due to the cell cycle change, which has been con-
firmed by various mitotic markers such as pH3(S10), p-CDK substrate motif recognition,
upshifted band of Mytl, and phosphorylation level of Cdc2-Y15. But we cannot exclude the
possibility that ULK1-ATG13 could function upstream of CDK1 in a kinase activity-indepen-
dent way, which remains to be investigated.

VPS34- and ULK1-ATG13 complex-dependent mitotic autophagy
regulation

Although increasing evidence indicates that autophagy remains active in mitosis, the regula-
tion mechanism was still unclear. Yuan’s group showed that activated CDK1 phosphorylates
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VPS34-Thr159 to inhibit VPS34-dependent autophagy in mitosis [15]. Our finding here dem-
onstrates that CDK1 phosphorylates ULK1-ATG13 in mitosis to promote ULK1-ATG13-de-
pendent autophagy, which at least partially contributed to the active autophagy state in
mitosis, as reported in our previous study [14]. Therefore, it is likely that multiple autophagy
regulators, not limited to the VPS34 complex and ULK1-ATG13 complex, contribute to the
mitotic autophagy regulation, which certainly needs further investigations.

In addition, by using ATG7- and ATG9A-KO cells, we found that autophagy is important
for cell cycle progression in general. However, our data also show that ULK1-kinase activity—
dependent autophagy is not essential for such effects, which implicates the dual roles of mam-
malian ULKI as its homolog in Saccharomyces cerevisiae. Atgl (the ULK1 homolog in S. cere-
visiae) has kinase-dependent and kinase-independent dual roles in autophagy [61,62]. On the
one hand, Atgl protein itself plays a structural role in recruiting Atg proteins to the pre-autop-
hagosomal structure (PAS), which does not require its kinase activity. On the other hand, Atgl
kinase activity is responsible for dissociation of Atg proteins from the PAS during autophago-
some formation. The mammalian ULK1 may also have kinase activity-dependent and kinase
activity-independent roles in autophagy. However, although ULK1 protein itself and its kinase
activity are both important for autophagy, which are confirmed by decreased autophagic flux
in ULK1-KO and ULK1-K46I cells using western blot and relative GFP/RFP level in
GFP-LC3-RFP-expressing cells (S12A and S12B Fig), our cell cycle analysis indicates that the
ULKI1 kinase activity—-dependent autophagy is dispensable for cell cycle regulation, whereas
the structural role of ULKI in autophagy is likely not.

ULK1/ATG13 phosphorylation by mTOR, AMPK, and CDK1

We found that the fundamental sites of mMTOR and AMPK (S9 Fig) did not significantly con-
tribute to ULK1/ATG13 band shifts in mitosis except S224 of ATG13, which is a common site
of AMPK and CDKI1. Although ATG13-5259 does not influence the extent of ATG13 band
shift in mitosis, it affects ATG13 electrophoretic mobility in asynchronous cells, indicating
that S259 is an important site of ATG13 in asynchronous cells, which is consistent with the
previous report [20].

Although it is well known that mTOR and AMPK phosphorylate ULK1/ATG13 in asyn-
chronous cells [18,19], we found that mTOR or AMPK inhibition did not affect ULK1/ATG13
band shift in mitosis. In fact, it should be mentioned that although our preprint manuscript
(BioRxiv on May 2019) was in revision in this journal, Odle and colleagues published a work
also showing that CDK1 could phosphorylate ULK1 and ATG13 in mitosis [63]. They per-
formed in vitro assays and identified phosphorylation sites using a short truncation of ULK1 or
ATG13 and proposed that CDK1 could substitute mTOR to phosphorylate ULK1/ATG13.
However, our data show that those phosphorylation sites did not contribute to the mitotic band
shifts of ULK1/ATG13, and their physiological functions are worth investigation in the future.

In conclusion, we have revealed that CDK1/cyclin B could phosphorylate ULK1/ATG13 on
multiple sites to cause a significant electrophoretic shift in mitosis. ULK1/ATG13 works as a
complex to regulate mitotic autophagy and cell cycle progression, which provides molecular
mechanisms not only for maintaining mitotic autophagy but also for linking autophagy to cell
cycle regulation.

Materials and methods
Antibodies and reagents

The autophagy antibody sampler kit (#4445), ULK1 Antibody Sampler Kit (#8359), Autophagy
Induction (ULK1 Complex) Antibody Sampler Kit (#46486), the cell cycle regulation antibody
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sampler kit IT (#9870), Phospho-(Ser) Kinase Substrate Antibody Sampler Kit (#9615), Phos-
pho-Threonine-Proline Mouse mAb (P-Thr-Pro-101) (#9391), anti-ULK1 (#4776) antibody,
AMPK and ACC Antibody Sampler Kit (#9957), anti-p62 (#5114) antibody, anti-ATG13
(S355) (#26839) antibody, anti-ATG7 (#8558) antibody, anti-ATG9A (#13509) antibody, the
HRP-linked anti-rabbit, and anti-mouse IgG antibodies were all from Cell Signaling Technol-
ogy. The anti-FLAG (F3165) antibody was acquired from Sigma and anti-B-Tubulin, anti-
GAPDH, and anti-B-Actin antibodies from Beijing TransGen Biotech (Beijing, China). The
plasmid pMRX-IP-GFP-LC3-RFP (#84573) was purchased from Addgene. The GlutaMAX
supplement and puromycin dihydrochloride were from Gibco. The secondary fluorescently
conjugated antibodies and anti-fade prolong Gold with DAPI were from Molecular Probes.
Prestained Protein Ladder (26616) and M-PER buffer were from Thermo Pierce. RO-3306 and
Thymidine were from Sigma. Compound C, Aurora A inhibitor I, nocodazole, and SBI-
0206965 were from Selleckchem. MLN8054 was from MedChemExpress. Methyl cellulose
(#69016260) was from Sinopharm Chemical Reagent Co. Matrigel Matrix (#354234) was from
BD. Protease inhibitor and phosphatase inhibitor cocktails were from Roche and the PVDF
membrane from Millipore.

Cell culture and stable cell lines establishment

HeLa, HCT 116, RPE1, and HEK-293T cells were all cultured in DMEM medium (without
L-Glutamine) supplemented with 10% FBS, 2 mM GlutaMAX, and 1% penicillin/streptomycin
(P/S). The plasmid for pBobi-FLAG-mULK1 contains 1 FLAG tag, and the affinity for FLAG
antibody was lower than ULK1 antibody. Therefore, in order to enhance its affinity to FLAG
antibody, 3xFLAG was added to mULK1 C-terminus [5]. Stable cell lines were constructed as
described previously [64]. HEK-293T or HeLa cells stably expressing mULK1-3xFLAG were
maintained in DMEM complete medium containing 1 ug/mL puromycin.

Autophagic probe GFP-LC3-RFP for autophagy activity detection

The GFP-LC3-RFP is inserted into the pMRX-IP vector [48] for retrovirus package with the
helper plasmid Vsvg and pMLV. Cells were infected with retrovirus for stable cell line estab-
lishment as previously described [14]. For flow cytometry, cells were collected with trypsin
treatment and placed on ice before GFP and RFP fluorescence intensity analysis. The relative
GFP/REFP ratio is reciprocally correlated to the autophagy activity [48].

Immunofluorescence

The procedure was performed as described before [14]. HeLa ULK1-KO cells stably expressing
FLAG-tagged mutant ULK1-11A and HeLa ATG13-KO cells stably expressing FLAG-tagged
mutant ATG13-4A were grown on coverslips and released from thymidine block for 11 hours.
Then cells were fixed with 3.7% formaldehyde at room temperature for 20 minutes and subse-
quently subjected to immunofluorescence using FLAG antibody and Alexa-488 conjugated
anti-mouse IgG. HeLa-DKO cells stably expressing WT or mutant ULK1-ATG13 were
released from thymidine block for 11 hours and treated with 25 uM CQ for another 1 hour.
Then cells were fixed with —20 °C methanol for 5 minutes and subsequently subjected to
immunofluorescence using LC3B antibody and Alexa-488 conjugated anti-rabbit IgG. Finally,
cells were stained with 300 nM DAPI at room temperature for 2 minutes and then mounted
with anti-fade prolong Gold for microscopy. Images were taken using the Zeiss confocal
microscope LSM710, and representative micrographs are shown.
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CRISPR/Cas9 technology

The gRNA targeted to human ULK1/ATG13 was designed with CRISPR Design (http://crispr.
mit.edu), and the gRNA targeted to human ATG7/ATG9A was designed according to the liter-
ature [65,66]. The sequence (human ULK1: 5-GCCCTTGAAGACCACCGCGA-3'; human
ATG13: 5-CACATGGACCTCCCGACTGC-3'; human ATG9A: 5-CCGTTTCCAGAACTA-
CATGG-3’; human ATG7: GCTGCCAGCTCGCTTAACAT) was selected and subcloned into
PX458 vector. HeLa and HEK-293T cells were transiently transfected with PX458-ULK1/
ATG13-gRNA with Fugene 6. The cells were diluted into 0.5 cell/100 uL at 96-well plate after
12 hours of transfection. Single cell in 96-well-plate was cultured in DMEM complete medium
to form single-cell clone that was cultured in 24-well plate and subjected to immunoblotting
analysis using ULK1-, ATG13-, ATG7-, or ATG9A-specific antibody. One single-cell clone
that could not be detected with ULK1/ATG13/ATG7/ATG9A antibody was selected as ULK1/
ATG13/ATG7/ATG9A-KO cell. ULK1 and ATG13 DKO cells were established based on
ULK1-KO cells using PX458- ATG13-gRNA.

Immunoprecipitation and western blot analysis

The procedure was instructed as previously [64]. Most immunoprecipitation experiments
were conducted in HEK-293T-derived cell lines because of a higher expression level for the
exogenous protein. Briefly, HEK-293T cells stably expressing GFP-3FLAG or mULK1-3FLAG
were lysed with M-PER supplemented with protease inhibitors and phosphatase inhibitors
and centrifuged at 4 °C 14,000¢ for 10 minutes. The supernatant mixed with preincubated Pro-
tein G Dynabeads and FLAG antibody at 4 °C for 12 hours and washed 3 times with lysis
buffer. Then the immunoprecipitate was denatured in 1xSDS-PAGE buffer at 95 °C for 7 min-
utes and subjected to SDS-PAGE and immunoblotting or Coomassie brilliant blue staining.

Cell cycle synchronization

Various cell synchronization methods are used in this paper, which have been used previously.
Briefly, a double-thymidine (2.5 uM) block arrested cells in G1/S border and cells progress
through S, G2, and M phase after release. A double-thymidine or single-thymidine block in
combination with nocodazole (100 ng/mL) or STLC (5 uM) treatment arrested cells in prome-
taphase or prophase. A double-thymidine block in combination with RO-3306 (10 uM) treat-
ment arrested cells in late G2 phase and progressed into mitosis after RO-3306 washout 3
times with prewarmed PBS.

Cell cycle analysis by flow cytometry/FACS

Cells for cell cycle analysis were trypsinized with 0.25% Trypsin/EDTA. After washing with
ice-cold PBS twice, cells were fixed with —20 °C 75% ethanol overnight and then stained with
PI/RNase staining buffer (BD Pharmingen) for 15 minutes at room temperature and analyzed
with flow cytometry (Beckman Coulter, Cytoflex). Alternatively, for mitotic index analysis,
cells fixed were stained with phospho-Histone H3 (S10) at 1:1,600 for 2 hours at room temper-
ature and washed twice before Alexa-488 conjugated anti-rabbit IgG staining. After washing
twice, PI/RNase staining was conducted as described previously before flow cytometry analy-
sis. The data were analyzed by ModFit LT 4.1 and Flow Jo 7.6 software.

Lambda phosphatase treatment

IP products from mULK1-3FLAG-overexpressing HEK-293T cells were aliquoted and treated
with reaction buffer, reaction buffer containing 1 uL (400 units) lambda phosphatase (P0753S,
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NEB), or reaction buffer containing 1 uL lambda phosphatase plus 1xphosphatase inhibitors
cocktail (Roche) at 30 °C for 30 minutes with gentle shaking. Then the reaction products were
denatured at 95 °C for 7 minutes and subjected to immunoblotting with FLAG or Serine/Thre-
onine-specific antibody.

Mass spectrometry

For mass spectrometry assays, immunoprecipitates using FLAG antibody from asynchronous
or mitotic 293T cells expressing FLAG-tagged mULK1/ATG13/mULK2 were separated by
SDS-PAGE, the gel was stained with Coomassie brilliant blue, and the FLAG-tagged mULK1/
ATGI13/mULK?2 band in each lane was excised. Samples were subjected to mass spectrometry
analysis for mULK1/ATG13/mULK2 phosphorylation by Core Facility Center for Life Sci-
ences, University of Science and Technology of China, School of Life Science and Technology,
ShanghaiTech University. The identified phosphorylation sites specific in mitotic cells or with
higher intensity were selected as the candidates for ULK1/ATG13/mULK2 phosphorylation
sites in mitosis.

In vitro kinase assay

Anti-FLAG immunoprecipitates from asynchronous 293T cells overexpressing FLAG-tagged
mULK1 (WT or K46I kinase-dead) or ATG13 were washed 3 times with M-PER and then
resuspended in ice-cold kinase buffer (50 mM Tris-HCI [pH 7.5] at 25 °C, 10 mM MgCl,, 0.1
mM EDTA, 2 mM DTT, 0.01% Brij 35). The immunoprecipitates were then incubated with or
without 270 ng purified CDK1/cyclin B (Life technologies, Part Number: PV3292, Lot Num-
ber: 1816161K) in 20-pL reaction mix (kinase buffer and 20 uM ATP) pretreated with or with-
out 10 uM CDK1 inhibitor RO-3306 at 30 °C with constant shaking for 30 minutes. The
reaction was quenched by mixing with 5 pL 5xSDS-sample buffer and boiling at 95 °C for 7
minutes.

Mouse model

Four-week-old female BALB/c nude mice were purchased from Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China). All mice were kept in an animal room under
the specific-pathogen-free (SPF) condition. The mice were fed with sterilized food and auto-
claved tap water freely. The protocol involving animals was approved by the ethical and
humane committee of Hefei Institutes of Physical Science, Chinese Academy of Sciences and
carried out strictly in accordance with the related regulations (Hefei, China). After 1 week,
HeLa/HeLa-ATG13-KO/HeLa-ULK1&ATG13-DKO cells (1 x 10”) suspended in 100 uL PBS/
Matrigel Matrix (1:1) were injected into the subcutaneous space on the right flank of BALB/c
nude mice. The mice bearing HeLa/HeLa-ATG13-KO cells were randomly divided into 2
groups of 5 mice each 7 days postimplantation. Mice were intraperitoneally injected with 0.5%
(M/V) methyl cellulose used as the vehicle solution or SBI-0206965 in 0.5% methyl cellulose
(20 mg/kg/d) every day for 33 days. Tumor growth was evaluated every day and tumor volume
was calculated as: volume = 1/2 (length x width®). At the end of the experiment, the mice were
killed by cervical dislocation, and tumors were harvested and weighed up.

Quantification and statistical analysis

Image]J software was used to quantify the relative protein value for western blot band, and
Graphpad prism 6 was used to analyze the data using Student ¢ test for 2 groups. All data are
shown as mean + SEM. p-values < 0.05 were considered as statistically significant.
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Supporting information

S1 Data. In separate sheets, the excel spreadsheet contains the numerical data and statisti-
cal analysis for Figs 1C, 1E, 6B, 6C, 6D, 6E, 7A, 7C, 7D, 7E, 7F, 7G, 7H and 7I; S12A, S12B,
S12D, S12E, S12F, S13A, S13B, S14A, S14C, S14E, S15A, S15C, S15E, S16A, S16B, S17A,
S17B, S17C, S17D, S17E, S17F and S18B Figs.

(XLSX)

S1 Raw Images. All the original western blot images.
(PDF)

S1 Fig. ULK1 is phosphorylated and upshifted in mitosis. (A-B) Both endogenous human
and exogenous mouse ULK1 are upshifted in thymidine and nocodazole-arrested mitosis.
293T and HelLa cells with or without FLAG-tagged mULK1 overexpression were synchronized
into mitosis by single-thymidine and nocodazole for western blot analysis. (C) ULK1 phos-
phorylation in mitosis interferes with ULK1 antibody recognition. The ULK1 antibody (Cell
Signaling Technology, #8054) could not recognize the upshifted band for mitotic ULK1 but
could recognize when the PVDF membrane was treated with lambda phosphatase for 1 hour.
PVDF, polyvinylidene fluoride; ULK]1, unc-51-like autophagy activating kinase 1.

(TIF)

S2 Fig. Aurora A is less likely to be responsible for ULK1 band shift in mitosis. (A-B) HeLa
cells synchronized and treated as Fig 3A were subjected to western blot analysis. However, we
found that the other 2 Aurora A inhibitors, MLN8054 and Aurora A inhibitor I, did not affect
ULK1 band shift (A). In addition, MLN8237 treatment for a shorter time (1 hour or 0.5 hours)
did not cause ULK1 band shift change as 1.5-hour treatment (B). MLN8237, MLN8054, and
Aurora A inhibitor I were Aurora A inhibitor. CDK, cyclin-dependent kinase; ULK1, unc-
51-like autophagy activating kinase 1.

(TIF)

$3 Fig. CDK1 regulates ULK1 phosphorylation independent of ULK1 kinase activity. (A-B)
ULK1-KO cells were established. HeLa and 293T cells transiently transfected with the
CRISPR/Cas9 plasmid subcloned gRNA for human ULK1 were screened by western blot anal-
ysis and the ULK1-KO clones were identified. The red circles indicate the ULK1-KO clones
for the following assay. (C-D) K46I kinase-dead ULK1 also underwent significant electropho-
retic mobility shift and phosphorylation in mitosis as WT ULK1. HeLa ULK1-KO cells recon-
stituted with FLAG-tagged mULK1-K46I were treated as Figs 1C and 3B (the lower panel) and
then analyzed by western blot analysis and immunoprecipitation, respectively. (E) In vitro
kinase assay indicated that purified CDK1/cyclin B could induce K46I kinase-dead ULK1 to
undergo significant electrophoretic mobility shift and phosphorylation. CDK, cyclin-depen-
dent kinase; gRNA, guide RNA; KO, knockout; mULK1, mouse ULK1; ULK1, unc-51-like
autophagy activating kinase 1; WT, wild type.

(TIF)

S4 Fig. ULK2 is also phosphorylated and upshifted in mitosis. The 293T cells transiently
transfected with FLAG-tagged mULK?2 treated as Fig 3A were analyzed by western blot analy-
sis and immunoprecipitation. mULK2, mouse ULK2; ULK2, unc-51-like autophagy activating
kinase 2.

(TIF)

S5 Fig. ATG13 is upshifted in mitosis. (A) HeLa cells were treated as Fig 4C for ATG13
mobility shift analysis. (B) ATG13 mobility shift in mitosis is decreased by CDK1 inhibitor
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RO-3306, similarly to ULK1, although to a lesser extent. The 293T cells overexpressing FLAG-
tagged mULK1 were synchronized by single-thymidine in the presence or absence of nocoda-
zole, treated with 10 uM RO-3306 for 5 or 30 minutes. The coimmunoprecipitate by FLAG
antibody was subjected to immunoblotting with ATG13, FIP200 antibodies. (C-D) ULK1
expression level does not affect ATG13 mobility shift in mitosis. HeLa ULK1-KO cells with or
without FLAG-tagged mULK1 expression synchronized into mitosis with thymidine and
nocodazole (C) or in asynchronous condition (D) were treated with 10 uM RO-3306 for 30
minutes for western blot analysis. ATG, autophagy-related; CDK, cyclin-dependent kinase;
FIP200, FAK family-interacting protein of 200 kDa; KO, knockout; mULK1, mouse ULK1;
ULKI, unc-51-like autophagy activating kinase 1.

(TIF)

S6 Fig. Identification of ULK2 phosphorylation sites in mitosis. (A-B) The preliminary
identification of ULK2 phosphorylation sites in mitosis. The immunoprecipitate with FLAG
antibody in asynchronous or mitotic 293T cells transfected with mULK2-3FLAG was sub-
jected to SDS-PAGE and Coomassie brilliant blue staining (A) and mass spectrometry analysis
of phosphorylation sites for mitotic mULK2 compared with asynchronous mULK2 (B). (C)
The contribution of the potential residues to mitotic ULK2 band shift. HeLa cells were trans-
fected with the mutant mULK2-3FLAG plasmid in indicated sites and analyzed by cell cycle
synchronization and western blot. mULK2, mouse ULK2; ULK2, unc-51-like autophagy acti-
vating kinase 2.

(TIF)

S7 Fig. ATG13-KO cells establishment. HeLa cells were transiently transfected with the
CRISPR/Cas9 plasmid that subcloned gRNA for human ATG13. The ATG13-KO clones were
screened by western blot and identified. The red circle indicates the ATG13-KO clones for the
following assay. ATG, autophagy-related; gRNA, guide RNA; KO, knockout.

(TIF)

S8 Fig. The phosphorylation sites we identified in both ULK1 and ATG13 are conserved
between different isoforms. (A) The difference between the construct we used in this paper
(Q6PB82 in Uniprot, BC059835 in GenBank) with the ULK1 used in some other studies
(070405 in Uniprot) is that there are 6 additional amino acids at position 507-512 (ATLFLP)
of Q6PB82 and a conversion from S to T at position 469 of Q6PB82. (B) The human ATG13
cloned from the cDNA of HeLa cells, isofom2 (075143-2 in Uniprot, BC002378 in GenBank),
is used in this paper. It differs from 075143 (isoform 1) used in other studies with the missing
region in the amino acids at position 263-299. The phosphorylation sites we identified in both
ULK1 and ATG13 are conserved between different isoforms (A-B), which were aligned in
Uniprot. ATG, autophagy-related; ULK1, unc-51-like autophagy activating kinase 1.

(TIF)

S9 Fig. ULK1/ATG13 identified phosphorylation sites by kinases are shown as human/
mouse. The identified phosphorylated residues of the mouse ULK1 and human ATG13 from
“current study” and literature [18,20,21,47,63,67-70] are summarized. ATG, autophagy-
related; ULK1, unc-51-like autophagy activating kinase 1.

(TIF)

$10 Fig. The effects of ULK1-ATG13 sites at mTOR and AMPK on mitotic mobility shift.
(A-B) The alanine mutants of ULK1 and ATG13 at fundamental mMTOR/AMPK phosphoryla-
tion sites were constructed in ATG13-KO or ULK1-KO cells and examined their contribution
to mitotic ULK1 (A) or ATG13 (B) band shift in mitosis. AMPK, AMP-activated protein
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kinase; KO, knockout; mTOR, mammalian target-of-rapamycin; ULK1, unc-51-like autop-
hagy activating kinase 1.
(TIF)

S11 Fig. Establishment of ULK1 and ATG13 DKO, double WT or mutant cell line. (A)
ULK1 and ATG13 DKO cells establishment. HeLa ULK1-KO cells were transiently transfected
with the CRISPR/Cas9 plasmid that subcloned gRNA for human ATG13. The ATG13-KO
clones were screened by western blot analysis and identified as ULK1 and ATG13 DKO cells.
The red circles indicate the ULK1 and ATG13 DKO clones for the following assays. (B-C) The
ULK1 and ATG13 double WT or mutant cell lines were established by ATG13-WT/4A MSCV
infection based on HeLa-DKO cell reconstituted with FLAG-tagged WT or 11A mutant
mULKI. (D) The expression of ATG13 in ULK1 and ATG13 double WT or mutant cell lines
and HelLa cells. 11A,
S622&T635&T653&S479&S543&S413&T401&S403&S405&T282&T502A; ATG, autophagy-
related; DKO, double knockout; gRNA, guide RNA; KO, knockout; MSCV, murine stem cell
virus; mULK1, mouse ULK1; ULK1, unc-51-like autophagy activating kinase 1; WT, wild type.
(TIF)

$12 Fig. The effects of ATG13 or ULK1 mutant, ULK1-ATG13 DKO, CDK1 inhibition on
autophagy. (A-B) The autophagy inhibition was compared between FLAG-tagged wild-type
and K46I kinase dead mULK1, HeLa and HeLa ULK1-KO, respectively. Cells were treated
with EBSS starvation for 1.5 hours with or without Baf A1 and examined by western blot.
GFP-LC3-RFP was stably expressed in indicated cell lines. The autophagy activity was detected
by flow cytometry for GFP and RFP fluorescence intensity. (C) The autophagic activity of
HeLa and HeLa-DKO cells in mitosis. Cells were synchronized into mitosis by thymidine
release and nocodazole arrest. Mitotic cells were collected by shake-off and treated by 25 uM
CQ for 1 hour. (D-E) The mitotic autophagy activity in ULK1-11A mutant or ATG13-4A
mutant cells was determined by relative GFP/RFP ratio. Cells were treated as Fig 6C. (F) The
effect of CDK1 inhibition by RO-3306 on autophagy. HeLa cells stably expressing
GFP-LC3-RFP were treated by 10 uM RO-3306 for 4 hours in asynchronous condition and 20
minutes in mitotic condition synchronized by thymidine release and nocodazole arrest. Cells
in (D, E, and F) were collected by flow cytometry for the relative GFP/RFP ratio. n = 3,

*p < 0.05, **p < 0.01. Numerical data underlying the figure panels are available in S1 Data.
11A, S622&T635&T653&S5479&S543&S413&T401&S403&S405&T282&T502A; ATG, autop-
hagy-related; Baf A1, bafilomycin Al; CDK, cyclin-dependent kinase; CQ, chloroquine; DKO,
double knockout; EBSS, Earle’s balanced salt solution; GFP, green fluorescent protein;
mULK1, mouse ULKI; n.s., not significant; RFP, red fluorescent protein; ULK1, unc-51-like
autophagy activating kinase 1.

(TIF)

$13 Fig. ULK1-KO slightly delays S/G2 transition. (A) ULK1-KO does not affect cell cycle
distribution in HeLa and 293T cells. Cell cycle distribution was analyzed by flow cytometry in
asynchronous WT and ULK1-KO HeLa or 293T cells. (B) ULK1-KO slightly delays S/G2 tran-
sition. HeLa WT or ULK1-KO cells synchronized with double-thymidine and nocodazole
were subjected to cell cycle analysis by flow cytometry. Numerical data underlying the figure
panels are available in S1 Data. KO, knockout; ULK1, unc-51-like autophagy activating kinase
1; WT, wild type.

(TIF)

S14 Fig. Mitotic entry was delayed in ULK1-KO, ATG7/ATG9A-KO but not K46I kinase-
dead ULKI1 cell lines. (A-B) Mitotic index is decreased in ULK1-KO cells synchronized by
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single-thymidine and nocodazole. HeLa WT or ULK1-KO cells synchronized into mitosis
released from thymidine for 5 hours and nocodazole for another 7 hours were subjected to
either PI and pH3(S10) co-staining for cell cycle and mitotic index analysis by flow cytometry
(A) or western blot analysis for cell cycle markers (B). (C) Mitotic progression was not affected
by K461 kinase-dead ULK1. HeLa ULK1-KO cells reconstituted with FLAG-tagged WT or
K461 kinase-dead mULK1 were synchronized into mitosis and subjected to pH3(S10) staining
for mitotic index analysis by flow cytometry. (D-E) The effect of ATG7/ATG9A-KO on
mitotic entry. HeLa cells with ATG7 or ATG9A-KO were established by CRISPR/Cas9 (D)
and treated as above for the detection of mitotic index analyzed by 1-way ANOVA followed by
Tukey’s multiple comparison test (E). n = 3, *p < 0.05, ***p < 0.001, ****p < 0.0001. Numeri-
cal data underlying the figure panels are available in S1 Data. ATG, autophagy-related; KO,
knockout; mULK1, mouse ULK1; n.s., not significant; PI, propidium iodide; ULK1, unc-
51-like autophagy activating kinase 1; WT, wild type.

(TIF)

S$15 Fig. ULK1 and ATG13 coordinate to regulate cell cycle progression. (A-B) Mitotic
index was decreased in ATG13-KO cells synchronized by single-thymidine and nocodazole.
HeLa WT or ATG13-KO cells synchronized into mitosis were subjected to PI and pH3(S10)
co-staining for cell cycle and mitotic index analysis by flow cytometry (A) or western blot anal-
ysis for cell cycle markers (B). (C) ULK1-KO combined with ATG13 “knockdown” inhibits S/
G2 transition. HeLa ULK1-KO cells transiently transfected with the CRISPR/Cas9 vector con-
trol or plasmid subcloned gRNA for human ATG13 were synchronized with thymidine and
nocodazole for cell cycle analysis by flow cytometry. (D) The cell lysate collected from (C) was
subjected to western blot analysis by indicated antibodies. (E) ULK1 and ATG13 DKO
decreases mitotic index. HeLa WT or ULK1&ATG13-DKO cells were subjected to pH3(S10)
staining for mitotic index analysis by flow cytometry. n =3, *p < 0.05, **p < 0.01. Numerical
data underlying the figure panels are available in S1 Data. ATG, autophagy-related; DKO, dou-
ble knockout; gRNA, guide RNA; KO, knockout; n.s., not significant; PI, propidium iodide;
ULKI1, unc-51-like autophagy activating kinase 1; WT, wild type.

(TIF)

S16 Fig. Rescue efficiency determined by relative mitotic index and doubling time. (A)
Cells synchronized by thymidine and nocodazole were subjected to PI and pH3(S10) co-stain-
ing for cell cycle and mitotic index analysis by flow cytometry. (B) Doubling time of various
cell lines. The statistical analysis (1-way ANOVA followed by Tukey’s multiple comparison
test) was done by comparing indicated cells to HeLa cells. The doubling time is calculated as
Fig7D.n =3, *p < 0.05, **p < 0.01, ****p < 0.0001. Numerical data underlying the figure pan-
els are available in S1 Data. n.s., not significant; PI, propidium iodide.

(TIF)

S17 Fig. The role of ULK1-11A/ATG13-4A unphosphorylatable mutant in cell cycle pro-
gression. (A, D) The cell cycle distribution and mitotic entry of HeLa ULK1-KO cells stably
overexpressing WT or mutant 11A FLAG-tagged mULK1 and HeLa ATG13-KO cells stably
overexpressing WT or mutant 4A FLAG-tagged ATG13. Cells released from thymidine for 11
hours were subjected to PI and pH3(S10) co-staining for cell cycle and mitotic index analysis
by flow cytometry. (B, E) Mitotic exit of ULK1 or ATG13 WT or mutant cells. Cells were syn-
chronized into mitosis with thymidine and nocodazole and released into nocodazole-free
complete DMEM medium for different time points and then subjected to either PI or cyclin
B1 staining for cell cycle, and cyclin B1 level analysis by flow cytometry. (C, F) ULK1 or
ATG13 WT or mutant does not affect cell proliferation. Cells were plated at 1 x 10° cells/mL
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and cultured for 1, 2, or 3 days. The cell number was counted by flow cytometry, and the dou-
bling time was calculated. T, indicates the average cell doubling time and is calculated as: T
= t-[1g2/(IgNt — IgN0)], where t is the culture time, Nt is the cell number after culturing, and
NO is the original cell number plated. n = 3, *p < 0.05, **p < 0.01. Numerical data underlying
the figure panels are available in S1 Data. 11A,
S622&T635&T653&5479&S543&S413&T401&S403&S405&T282&T502A; ATG, autophagy-
related; DMEM, Dulbecco’s Modified Eagle Medium; KO, knockout; mULK1, mouse ULK1;
n.s., not significant; P, propidium iodide; ULK1, unc-51-like autophagy activating kinase 1;
WT, wild type.

(TIF)

$18 Fig. Mouse model. (A) The mouse model in nude mice bearing WT or KO cells treated
with or without ULK1 kinase inhibitor SBI-0206965 was established. (B) Time course of the
body weight for nude mice in (A). Numerical data underlying the figure panels are available in
S1 Data. KO, knockout; ULK1, unc-51-like autophagy activating kinase 1; WT, wild type.
(TIF)
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