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ABSTRACT

The spindle assembly checkpoint (SAC) ensures the
fidelity of chromosome segregation during mitosis.
Here, we show that ULK1, a serine/threonine ki-
nase that plays a key role in initiation of autophagy,
also has an important function in the activation of
SAC. ULK1 phosphorylates the SAC protein Mad1
at Ser546 to recruit Mad1 to kinetochores. Further-
more, Rod/ZW10/Zwilch (RZZ) complex may serve
as a receptor for phos-Ser546-Mad1 at kinetochore,
since phosphorylation of Mad1 by ULK1 strength-
ens the interaction between Mad1 and RZZ complex.
In addition, deletion of ULK1 increases chromosome
instability and cytotoxicity of paclitaxel, resulting in
significant impairment of cancer cell growth. These
findings highlight the role of ULK1 as a protein kinase
controlling the fidelity of chromosome segregation
and cell-cycle progression.

INTRODUCTION

The spindle assembly checkpoint (SAC) ensures the accu-
rate segregation of chromosome by delaying anaphase until
all sister chromatid pairs make proper bipolar attachments
to the mitotic spindle. The SAC includes mitotic arrest de-
ficient (MAD) and budding uninhibited by benzimidazole
(BUB) genes (1). At unattached kinetochores, Mad1-Mad?2
complex temporarily sequester Cdc20, an activator of the
anaphase-promoting complex/cyclosome (APC/C) (2,3).
This enables the formation of mitotic checkpoint com-
plex (MCC) that prevents the activation of APC/C, which

initiates anaphase by targeting securin and cyclin B for
proteasome-mediated degradation. Thus, the kinetochore-
bound Mad1-Mad2 complex plays important roles in MCC
assembly and SAC activity regulation (4). The Mad1l/Mad2
complex’ crystal structure reveals a 2:2 tetramer (5,6). Mad2
is recruited to the kinetochore via its interaction with Madl
(7).

In human cells, there are two kinetochore recruitment
pathways for Madl. One is the Knll /Bub3/Bubl pathway.
The MELT motif of kinetochore protein KNLI1 is phos-
phorylated by Mps1 kinase to target Bubl:Bub3 to kineto-
chores (8-10). Then, Mpsl phosphorylation of conserved
domain 1 (CDI) in Bubl promotes Bubl:Madl interac-
tion (11-13). On the other hand, a second pathway that
complemented the Knll/Bub3/Bubl pathway for Mad1 re-
cruitment depends on the Rod/ZW10/Zwilch (RZZ) kine-
tochore complex (14). Once Madl is retained, two differ-
ent outcomes are produced based on the function of the
two distinct complexes mentioned above. While RZZ is re-
sponsible for Mad1/2 tethering and kinetochore expansion,
the KBB pathway is critical for the generation of the wait
anaphase signal (14,15). A recent study indicated that RZZ
is responsible for keeping Mad1 stable on the kinetochore,
although both Bubl and RZZ contribute to the localiza-
tion of MADI1 (16). Molecular mechanisms of Madl re-
cruitment to kinetochores are of broad interest, since this
event is known to be important for mitotic progression and
error-free chromosome segregation.

Unc-51-like kinases 1/2 (ULK1/2) is a serine/threonine
protein kinase that plays important roles in autophagy ini-
tiation (17-25). During autophagy process, the activated
ULK1/2 phosphorylates Atgl3, Fip200 and Beclin-1 lead-
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ing to autophagy induction (26-28). Besides autophagy-
related protein substrates, several autophagy-unrelated
ULKI substrates were found. For example, during depri-
vation of amino acid and growth factors, ULK1/2 directly
phosphorylates key glycolytic enzymes to sustain glycolysis
(29). Stimulator of interferon genes (STING) is also phos-
phorylated by ULK1 to prevent the persistent transcrip-
tion of innate immune genes (30). ULK1/2 phosphorylates
SECI16A and regulates endoplasmic reticulum (ER) export
that is essential for cellular homeostasis (31). Our previous
study also identified cochaperone Cdc37 as a substrate of
ULKI that disrupted its ability to coordinate Hsp90 for
maintaining the stability and functions of protein kinases
(32).

Here in this study, we show that ULK1 phosphorylates
the spindle checkpoint protein Mad1 at Ser546. This phos-
phorylation is required for Madl recruitment to kineto-
chores, proper mitotic progression, faithful chromosome
alignment and segregation. Furthermore, deletion of ULK 1
in cancer cells increases chromosome instability and cyto-
toxicity of paclitaxel, resulting in significant impairment of
tumor cell growth.

MATERIALS AND METHODS
Cell culture and plasmid transfection

Cells were grown in DMEM with 10% (v/v) fe-
tal bovine serum and the appropriate amount of
penicillin/streptomycin in a 37°C incubator with a
humidified 5% CO, atmosphere. Transient and stable
transfections were performed using Lipofectamine 2000
(Invitrogen) following the manufacturer’s protocol.

Plasmids and siRNA

cDNA of MAD1 was amplified and cloned into p3xFLAG-
CMV-10, pEGFP-C1 and pET28a vectors. AN (Al-
485a.a.), AMIM (A485-584a.a.) and AC (A584-718a.a.)
of MADI1 were amplified and cloned into pEGFP-CI
vector. AN (Al1-278a.a.), AST (A278-828a.a.) and AC
(A828-1051a.a.) of ULK1 were amplified and cloned into
p3xFLAG-CMV-10 vector. For expression of MADI-
MAD?2, cDNA of MADI and MAD?2 was amplified and
cloned into pETDuet-1 vectors. pETDuet-1 vector was
kindly provided by Dr Caihong Yun (Peking University
Health Science Center, China). MADI1 and ULKI1 muta-
tion constructs were generated with a Fast mutagenesis kit
(Vazyme).

The sense-strand sequence of negative control siRNA
was 5-UUCUCCGAACGUGUCACGU-3. The other
siRNA sequences were as follows:

ULKI1: 5-CACTGACCTGCTCCTTAA-3' (#1) and 5'-
GGAGAAAACTTGTAGGTGT-3' (#2).

ZW10: 5-UGAUCAAUGUGCUGUUCAA-3 (#1)
and 5-AAGGGTGAGGTGTGCAATATG-3 (#2).

Knll:5-GGAAUCCAAUGCUUUGAGA-3" (#1) and
5-GCAUGUAUCUCUUAAGGAA-3 (#2).

MADI1:5Y-CAGGCAGUGUCAGCAGAAC-3  (#1)
and 5-CCACAGGGCAGCAGCAUGA-3 (#2).
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For MADI1 knockdown, siRNA was transfected twice
in 2 days. All RNAI oligonucleotides were purchased from
Shanghai GenePharma Company.

Generation of CRISPR/Cas9 KO cell lines

The Cas9 knockout cell lines were generated using
CRISPR-Cas9 methods in HCT116 cells. We used the
SpCas9-2A-Puro vector purchased from Addgene (#48139;
deposited by Feng Zhang). The sgRNA was designed by
online software (http://crispr.mit.edu), and the sgRNA se-
quences were as follows:

ULK1 sgRNA sequence 5-CGAAGGCGCCGTGGCC
GATC-3 (#1) and 5-AGCAGATCGCGGGCGCCATG-
3 (#2);

Atg3 sgRNA sequence 5-GTGAAGGCATACCTAC
CAAC-3;

Atgl3 sgRNA sequence 5'-GAATGGACACATTACC
TTGA-3;

Atg7 sgRNA sequence 5- GAAGCTGAACGAGTAT
CGGC-3;

FIP200 sgRNA sequence 5-CACCTGAAGATCGGCT
CTACGCCC-3.

The plasmids were transfected into HCT116 cells and se-
lected with 2.5 wg/ml puromycin.

Antibodies and reagents

The antibodies used were anti-MADI (proteintech,
#18322-1-AP; Santa Cruz, #sc-47746), anti-CENP-B
(Santa Cruz, #sc-376283; #sc-22788), anti CDC20 (Santa
Cruz, #sc-5296), anti-MAD2 (proteintech, #10337-1-AP;
Covance, #PRB-452C-200), anti-BUBR1 (proteintech,
#11504-2-AP), anti-cyclinB1 (abclonal, #A2056), anti-
ZW10 (abcam, #ab21582), anti-Flag-tag (Sigma-Aldrich,
#F1804), anti-ULK1 (Santa Cruz, #sc-33182; proteintech,
#20986-1-AP), anti-Atgl3 (CST, #13468S), anti-FIP200
(proteintech, #17250-1-AP), anti-Atg3 (MBL, #M133-3),
anti-GFP-tag (Santa Cruz, #sc-9996), anti-His-tag (MBL,
#D291-3), anti-BUBI (proteintech, #13330-1-AP), anti-
BUB3 (proteintech, #27073-1-AP), anti-H3S10 (abcam,
#ab32017), anti-Knll (abclonal, A13108), anti-ROD
(abclonal, A13064), anti-ZWILCH (proteintech, #14281-
1-AP), anti-a-tubulin (CST, #3873T) and anti-actin
(Santa Cruz, #sc-7210). A phospho (ph)-MADI1-S546
specific antibody was generated by Beijing Biodragon
Immunotechnologies Co. Ltd.

Treatments included thymidine (Sigma, T9250), RO3306
(Selleck, S7747), Taxol (Santa Cruz, sc-201439), nocoda-
zole (Selleck, S2775), vinblastine (Selleck, S4505).

Chromosome spread and Karyotype analysis

Cells in 10-cm dishes were accumulated in mitosis by treat-
ment with 100 ng/ml colcemid for 3—-5 h. Cells in the media,
as well as adherent cells, were collected by centrifugation
and resuspended in 75 mM KCI for 9 min at room temper-
ature. Three drops of freshly made fixative agent, consist-
ing of methanol and acetic acid at a 3:1 ratio, were added
to cells, which were then collected by centrifugation. Cells
were resuspended in a residual volume by flicking. A total of
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4 ml of fresh fixative agent was added dropwise while mix-
ing cells after every 0.5 ml. Cells were washed again with
fresh fixative agent twice more before being resuspended
in ~400 wl fixative agent. A total of 70 wl of cells were
dropped onto precleaned microscope slides from a height
of 2 ft. Slides were dried slowly in a fume hood for 10 s and
then dried quickly on a hot plate at 74°C for 30 s. Slides
were stained with 1 pg/ml 4°,6-diamidino-2-phenylindole
(DAPI), washed with PBS solution, mounted using Vec-
tashield and sealed with nail polish. Chromosome spreads
were imaged by using a 100x, 1.4-NA objective. At least
150 metaphase spreads were counted for each cell line using
CytoVision®).

Enrichment of cells in mitosis (nocodazole and ‘shake-off’)

Cells were treated with thymidine for 24 h and then released
into 200 nM nocodazole for 16 h. Mitotic cells were col-
lected by shake-off. Microscopic examination had shown
~70-80% of cells were in prometaphase after this treatment
compared with 2-3% in untreated cells.

RO3306 washout experiments

For RO3306 washout experiments, cells were initially
treated with 2 mM thymidine for 24 h, washed twice with
PBS and released in fresh medium for 4 h prior to treat-
ment with 9 wM RO3306. After 8 h, the cells were washed
twice with PBS and incubated with fresh medium for differ-
ent times.

Western blotting

Equal amounts of proteins (20-50 wg) were size fraction-
ated by 6-15% SDS polyacrylamide gel electrophoresis.

Co-immunoprecipitation

Cells were harvested and lysed for 30-45 min at 4°C in
buffer A (50 mM Tris—HCI at pH 7.5, 0.5 mM phenyl-
methanesulfonyl fluoride (PMSF), 0.5 mM benzamidine,
5 uM leupeptin, 1 mM dithiothreitol, 20mM NaF), sup-
plemented with 0.5% Triton X-100. Centrifugation of the
lysates (10 min at 1800 g) yielded a supernatant (S) and pel-
let (P). The pellets were washed twice with buffer A. For the
immunoprecipitation assays, the washed chromatin pellets
were resuspended in 50 mM Tris—HCI at pH 8.0, supple-
mented with 1.5mM CaCl, and 20mM NakF, and treated
with 30 U of micrococcal nuclease for 30 min at 37°C. The
soluble and insoluble fractions were separated by centrifu-
gation (2min at 664 g). About 2 g of the indicated anti-
body was added into the supernatant and incubated at 4°C
overnight. Then, 30 pl of protein G Sepharose slurry (GE
healthcare) was added and incubated for 2 h at 4°C. The
beads were washed three times. The precipitated compo-
nents were analyzed by western blotting.

Protein purification

Recombinant His-tagged proteins were expressed in and
purified from Escherichia coli by Ni**-Sepharose affinity

(GE Healthcare), and the bound protein was eluted with
250 mM imidazole in PBS and desalted by buffer exchange
with PBS.

In Vitro MADI1 phosphorylation assay

HCT116 cells were grown, and each dish was transfected
with 8 g of Flag-ULK 1. After 48 h post-transfection, cells
were lysed in MLB (10 mM Tris at pH 7.5, 2 mM EDTA,
100 mM NaCl, 1% Nonidet P-40, 50 mM NaF, 1 mM
Na3;VOs and 1% EDTA-free protease and phosphatase in-
hibitor cocktails (Roche Applied Science)). ULK1 proteins
were immunoprecipitated with anti-Flag-tag (Sigma) anti-
bodies and then washed with MLB once and radioimmune
precipitation assay buffer (50 mM Tris at pH 7.5, 150 mM
NaCl, 50 mM NaF, | mM EDTA, 1 mM EGTA, 0.05%
SDS, 1% Triton X-100, and 0.5% deoxycholate) twice fol-
lowed by washing with kinase assay buffer containing 20
mM HEPES at pH 7.4, 1 mM EGTA, 0.4 mM EDTA, 5
mM MgCl, and 0.05 mM dithiothreitol. His-MADI1 and
His-MAD1-S546A were bacterially purified. The kinase re-
action was performed at 37°C for 30 min, and the reaction
was terminated by adding SDS sample buffer and subjected
to SDS-PAGE.

In Vitro BUBI phosphorylation assay

Purified human FLAG-BUBI1-(437-509) traps were incu-
bated for 60 min at 30°C with bacterially expressed and pu-
rified His-tagged MPS1-(519-808) and/or CDK2/cyclin A
and in buffer containing 20 mM Tris/HCl at pH 7.5, | mM
DTT, 0.1 mg/ml BSA, 2 mM MgAc and | mM ATP. Sub-
sequently, the traps were used for pull-down with recombi-
nant His-MADI and His-MADI1-S546A.

Immunofluorescence

Cells were cultured in confocal dishes to ~60% confluence.
After treatment, cells were fixed with 4% paraformaldehyde
in PHEM buffer (60 mM PIPES, 25 mM HEPES, pH 6.9, 10
mM EGTA, 4 mM MgSO,) for 20 min at room temperature.
Fixed cells were extracted with 0.5% Triton X-100 in PHEM
buffer for 10 min. The dishes were incubated in blocking so-
lution (0.8% BSA in PBS) and exposed overnight to primary
antibody (1:100 dilution for all antibodies) at 4°C. The cells
were then washed three times with blocking solution and
then exposed to a secondary antibody (1:100 dilution) con-
jugated to FITC/TRITC. Cells were observed and analyzed
under a confocal microscope (Zeiss LSM880).

Live cell microscopy

For determination of mitotic index, nocodazole (3.3 wM)
was added to media. After 4, 8, 12 or 16 h, cells were ob-
served using a 10x, 0.25-NA objective and counted the pro-
portion of cells in mitosis to generate a mitotic index graph.

To measure mitotic timing, cells were grown in 384-well
plate. After treatment, images were acquired at 5- or 30-min
intervals on a high content screening system (Perkin Elmer)
with a heated chamber and an automated stage at 37°C. Im-
ages were acquired using a 60x, 0.95-NA objective and per-
fect focus.



Chromosome segregation was observed in cells stably ex-
pressing histone H2B-RFP or H2B-mCherry grown in 35-
mm dishes with glass bottoms in CO,-independent media.
Image were acquired every 2 min by using a 63x, 1.4-NA
oil-immersion objective (Zeiss LSM880). Maximum pro-
jections of in-focus planes were assembled in Elements, ex-
ported as jpg files, and converted to move files in QuickTime
with a play rate of 5 frames/s.

Cell growth curve

Cells treated with taxol (5 nM) were seeded at a concentra-
tion of 5 x 10* cells/well in 12-well plates. After 24, 48, 72
and 96 h, the cells were harvested, diluted with a Trypan
blue working solution, and counted to generate a growth
curve.

Colony formation

Cells treated with taxol (5 nM) for 7 days were washed in
PBS three times, digested and then plated in 6-well plates.
After culture in a drug-free medium for 2 weeks, the cells
were fixed using methanol and stained with Crystal Vio-
let to identify visible colonies. The number of colonies was
calculated using ImageJ (Image Processing and Analysis in
Java).

Statistical analysis

Statistical analysis was performed by using the SPSS sta-
tistical software package (standard version 20; SPSS Inc.,
Chicago, IL, USA). For two groups statistical analyses, un-
paired Student’s ¢-test was used; N.S.: non-significant, *: P
< 0.05, **: P < 0.01, ***: P < 0.001. Error bars represent
standard error of standard deviation (SD), as indicated in
the legends. For more than two groups statistical analyses,
the Dunnett test and the Tukey test were used; N.S.: non-
significant, *: P < 0.05, **: P < 0.01, ***: P < 0.001.

RESULTS
ULKI1 preserves chromosome integrity

Autophagy deficiency promotes chromosomal instability,
such as increased DNA damage, gene amplification and
aneuploidy (33). Since ULK1 plays an important role in
autophagy, we examined the effect of ULKI on chromo-
some stability by generated ULK1 knocked-out HCT116
and DLDI cells using clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 technology (Supple-
mentary Figure S1A and B). The control cell lines showed
a relatively stable karyotype (about 80% normal karyotype
with 45 chromosomes in HCT116 cells, about 74% nor-
mal karyotype with 46 chromosomes in DLD1 cells), while
ULK1-KO cells were found to be highly aneuploid (Figure
1A and Supplementary Figure S1C). This alteration was
partially rescued by re-expression of WT ULKI but not
kinase-impaired K461 ULK1 (Figure 1A), suggesting that
ULKI1 function in chromosome stability is dependent on its
kinase activity. In autophagy induction process, the kinase
activity of ULK1 is highly dependent on its binding part-
ner, for example Atgl3 and FIP200 (21,27,34). We therefore
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knocked-out Atgl3 or FIP200 in HCT116 cells and then
observed similar effect that caused by depletion of ULK1
(Figure 1B; Supplementary Figure S1D and E), pointing to
a crucial role of ULK1 complex in sustaining chromosome
stability.

To determine whether chromosome integrity is related
with inaccurate chromosome segregation, abnormal chro-
mosome incidences were visualized by immunofluores-
cence. Depletion of ULK1 complex resulted in chromo-
some misalignment in metaphase (Figure 1C-H and Sup-
plementary Figure S1F-K) and abnormal chromosome
segregation and lagging chromatids in anaphase (Figure
1C-H and Supplementary Figure S1F-K). In addition, live-
cell microscopy of Hela cells stably expressing the his-
tone marker H2B-mCherry revealed that ULK1-depleted
cells show defects of chromosome alignment and chromo-
some segregation (Figure 11; Supplementary Figure S1L,
and Supplementary Videos S1 and S2). These results indi-
cate that ULK is necessary for fidelity of chromosome seg-
regation.

ULK1 is required to maintain sufficient activity of the spindle
assembly checkpoint

Spindle checkpoint ensures accurate chromosome segre-
gation; therefore, we next tested the role of ULKI in
spindle assembly checkpoint (SAC). Live-cell imaging as-
say was performed by using HeLa cells stably expressing
H2B-mCherry. ULK1 depletion yielded a significant de-
crease in mitosis duration (12.5 min faster than control
cells, Figure 2A), indicating that ULK1 has a contribu-
tion to SAC strength during unperturbed mitosis. Then,
we measured SAC strength by quantifying the amount
of MAD?2 that co-immunoprecipitates with CDC20. Af-
ter RO3306 washout, CDC20:MAD?2 interaction steadily
increased for 40 min and subsequently decreased (Figure
2B). On the contrary, in ULKI-depleted cells, the inter-
action of CDC20:MAD?2 was less pronounced, suggesting
that ULK1 regulated CDC20:MAD?2 interaction in early
mitosis.

The effect of ULK1 on SAC was also determined un-
der mitotic poisons treatment. As shown in Figure 2C and
Supplementary Figure S2A—-C, ULK 1-knockdown cells ex-
hibited reduced mitotic index after nocodazole treatment
compared with wild-type cells. In addition, Cyclin B1 lev-
els were reduced in ULK1-KO cells after nocodazole treat-
ment, consistent with an early mitotic exit due to a SAC de-
fect (Figure 2D). This effect was largely rescued by expres-
sion of the wild-type ULKI1. To further validate the SAC
data in single cells, we measure the duration of mitosis in
cells that had been treated with taxol, vinblastine or noco-
dazole. ULK depletion reduced the mitotic duration of mi-
totic poisons-arrested cells, and this phenotype was rescued
by the expression of WT-ULK1, but not by kinase-impaired
K461 ULK1 (Figure 2E-F).

Because ULK1 plays important roles in autophagy initi-
ation (17-23), we then tested whether ULK 1-mediated au-
tophagy is related with effect of ULK1 on SAC. By using
the autophagy-deficient Atg3/Atg7 knockout HCT116 cell
line (Supplementary Figure S2D), we found that ULK1 was
still required for maintaining the duration of mitosis (Fig-
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indicate significance (the Dunnett test; ***: P < 0.001).
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ure 2G and Supplementary Figure S2E), supporting the
autophagy-independent role of ULK1 in regulating the ac-
tivity of SAC.

ULKT1 is involved in Mad1 recruitment to the kinetochores

We next investigated whether ULK1 affect the accumula-
tion of SAC effectors at the kinetochores. We found that
ULK1 depletion reduced the recruitment of Madl and
Mad?2 to kinetochores in prometaphase and in cells that had
been blocked with spindle poisons (Figure 3A—F and Sup-
plementary Figure S3A-D). In contrast, the recruitment of
other SAC component proteins (such as Bubl, Bub3 and
BubR1) to kinetochore regions was not affected (Supple-
mentary Figure S4A—D). Similar results were also obtained
in Atgl13-KO and FTP200-KO HCT116 cells (Figure 3G and
H) but not Atg3-KO cells (Supplementary Figure S4E-F),
indicating that ULK 1 complex regulated Mad1 recruitment
to the kinetochores also in an autophagy-independent man-
ner. Since RZZ complex is particularly important for Madl
kinetochore localization (14,35), we also tested ZW10’s lo-
cation and found that the recruitment of ZW10 to kineto-
chores was not affected by ULK1 (Supplementary Figure
S4G-H).

Madl is a substrate of ULK1

ULKI1 is a well-known serine-threonine kinase, we there-
fore tested whether ULK1-dependent Madl recruitment
is related with its phosphorylation. Exogenous ULK1 and
MADI1 can bind with each other, and the interaction be-
tween ULK 1 and Madl is not affected by ULK1’s kinase
activity (Supplementary Figure S5A and B). In addition,
Mad1’s C-terminal is both necessary and sufficient to me-
diate interaction with ULK1’s C-terminal (Supplementary
Figure S5C and D). Mass spectrometry analysis indicated
that highly conserved site S546 of Madl was phosphory-
lated by ULK1 (Figure 4A and B). To further confirm these
sites, Mad1-WT and Mad1-S546A His-fusion protein were
purified, and an in vitro phosphorylation assay was per-
formed. By using an antibody for the S546-phosphorylated
peptide of Madl, we found that His-Mad1-WT was phos-
phorylated by wild-type ULK 1, but not the kinase impaired
K461 ULK1 mutant (Figure 4C and D).

Next, we tried to determine whether Madl-S546 is
phosphorylated by ULK1 in vivo. A significant increase
of phosphorylated S546-Madl was detected in ULKI-
overexpressed HCT116 cells (Figure 4E), suggesting that
ULKI1 plays a critical role in regulating Madl phospho-
rylation. In addition, we also synchronized HCT116 cells
at the G2/M phase border with RO3306 and then re-
leased the block by removing RO3306 for different times.
Immunoblotting studies revealed a significant increase in
phosphorylated Mad1 that was detected in mitotic HCT116
cells, but not in ULK 1-KO HCT116 cells (Figure 4F). Anti-
phos-Madl (Ser546) antibody immunostaining was also
performed and analyzed in WT and ULKI1-KO cells. As
shown in Figure 4G and H, p-Madl (Ser546) is targeted
to kinetochore in prometaphase only in WT-HCT116 cells,
suggesting that ULK1 plays a critical role in regulating
Madl phosphorylation. Since the S546 located near the

Mad2-interacting motif (MIM) (541 aa to 545 aa), the inter-
action between Mad1-S546A and Mad2 was then detected.
We found that the Madl-Mad2 binding was not affected
by S546 mutation (Supplementary Figure SSE), indicating
that S546 phosphorylation is not involved in Mad1-Mad2
complex formation.

Mad1-Ser546 phosphorylation is involved in Madl kineto-
chore location

To detect the involvement of S546 phosphorylation in
the kinetochore targeting of Madl, we next transfected
Madl-WT, Madl-S546A or Madl-S546D plasmid into
HCT116 Mad1-KD cells (Supplementary Figure S6A). We
found that Madl kinetochore-localization was compro-
mised when Ser546 was mutated to alanine (Figure SA and
B; Supplementary Figure S6B and C). Anti-phos-Madl
(Ser546) antibody immunostaining was also performed
and analyzed in Mad1-WT- and Madl-S546A-expressing
cells. As shown in Figure 5C and D, p-Madl (Ser546) is
targeted to kinetochore in prometaphase, suggesting that
kinetochore-located Madl is phosphorylated during mito-
sis. In addition, we also created Mad1-5A plasmid which
mutates the MIM motif (541 aa to 545 aa) to alanines. As
shown in Supplementary Figure SOD-F, Mad1-5A-S546A
has ~37% of the kinetochore-binding activity of Mad1-5A,
suggesting the role of Ser546 in the kinetochore recruitment
of Madl.

Next, to test the role of Mad1-Ser546 in SAC regulation,
we measured SAC strength by quantifying the amount of
MAD?2 that co-immunoprecipitates with CDC20. In Mad1-
S546A-expressing cells, the interaction of CDC20:MAD?2
was less pronounced than that in Madl-WT-expressing
cells, suggesting that Mad1-S546 phosphorylation regu-
lated CDC20:MAD?2 interaction in mitosis (Figure 5E).
Next, we used Madl-WT-, Madl-S546A- and Madl-
S546D-expressing cell lines to observe the duration of mito-
sis in single cells (Figure 5F). Upon nocodazole treatment,
the expression of Madl-S546A considerably reduced the
duration of mitosis compared with Madl-WT-expressing
cells (Figure 5F), furthering confirming the role of Mad]1-
Ser546 phosphorylation in SAC regulation. Moreover, to
investigate the function of ULK1 in the activation of spin-
dle assembly is indeed dependent on the phosphorylation of
MADI, we transfected Mad1-S546D into ULK1 KO cells.
As shown in Figure 5G, Mad1-S546D partly rescued the
duration of mitosis, supporting the role of Madl phospho-
rylation in the ULK 1-regulated SAC.

RZZ complex may serve as a receptor for phos-Ser546-Mad1
at Kinetochore

Since RZZ and Knl1/Bub3/Bubl (KBB) have distinct roles
in recruiting Mad]1 at kinetochores, we then generate Knll-
knockdown and ZW10-knockdown cells to observe which
pathway contributed for phos-S546-Madl recruitment
(Supplementary Figure S7TA and B). As shown in Figure
6A-D and Supplementary Figure STC-F, Knll depletions
reduce the amount of kinetochore-bound Mad1-S546A by
62%, whereas ZW10 depletion only reducing Mad1-S546A
levels by 17%. We next focused our attention on potential
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Figure 3. ULK1 is involved in mad] recruitment to the kinetochores. (A) HCT116 WT cells and ULK1-KO (#1) cells were synchronized by thymidine (2
mM) double block and released into fresh medium for 8.5 h, or into medium containing nocodazole (330 nM) or vinblastine (4.4 uM) for 10 h; scale bars,
5 wM. (B) Quantification of the kinetochore MAD1/CENP-B ratio in (A). Asterisks indicate significance (the Dunnett test; ***: P < 0.001). (C) HCT116
WT cells and ULK1-KO (#1) cells were synchronized by thymidine (2 mM) double block and released into fresh medium for 8.5 h; scale bars: 5 wM. (D)
Quantification of the kinetochore MAD2/CENP-B ratio in (C). (E) A set of Cas9-resistant rescue forms of ULK1 plasmids (ULK1-rWT or rK46I) were
stable transfected into HCT116 ULK1-KO (#1) cells. ULK1-rWT- or ULK1-rK46I-expressing HCT116 cells were synchronized by thymidine (2 mM)
double block and released into fresh medium for 8.5 h, or into medium containing nocodazole (330 nM) or vinblastine (4.4 wM) for 10 h; scale bars: 5 wM.
(F) Quantification of the kinetochore MAD1/CENP-B ratio in (E). (G) Atgl3-KO cells and FIP200-KO HCT116 cells were synchronized by thymidine (2
mM) double block and released into fresh medium for 8.5 h, or into medium containing nocodazole (330 nM) or vinblastine (4.4 wM) for 10 h; scale bars:
5 wM. (H) Quantification of the kinetochore MAD1/CENP-B ratio in (G). Asterisks indicate significance (the Dunnett test; ***: P < 0.001).
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Figure 5. Mad1-Ser546 phosphorylation is involved in Madl kinetochore location. (A) GFP-MADI1-WT, GFP-MAD1-S546A or GFP-MADI1-S546D
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Asterisks indicate significance (the Dunnett test; ***: P < 0.001). (C) Flag-MADI1-WT or Flag-MAD1-S546A was transfected into HCT116 MAD1-KD
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nM) for 10 h; scale bars: 5 wM. (D) Quantification of the kinetochore S546ph/CENP-B ratio in (C). (E) HCT116 WT cells were transfected with MADI1
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thymidine-RO3306 treatment and released into fresh medium prior to CDC20 immunoprecipitation. (F) Time-lapse analysis of the duration of mitosis.
MADI1-KD cell lines expressing RFP-H2B stably were transfected with GFP-MAD1-WT, GFP-MAD1-S546A or GFP-MAD1-S546D. Indicated cells
were treated with thymidine for 24 h and released into fresh medium for 6 h prior to treatment with 200 nM nocodazole. n indicates number of cells, 71 is
the median duration of mitosis. Asterisks indicate significance (the Tukey test; ***: P < 0.001). (G) Time-lapse analysis of the duration of mitosis. HCT116
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Asterisks indicate significance (the Tukey test; ***: P < 0.001).
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Figure 6. RZZ complex may serve as a receptor for phos-Ser546-Mad1 at kinetochore. (A) HCT116 WT cells, ZW10-KD (#1) cells and Knl1-KD (#1) cells
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the beads. Western blotting was performed by using indicated antibodies.



mechanisms of RZZ complex-mediated phos-S546-Madl
kinetochore recruitment. How RZZ might help recruit
Madl:Mad?2 is unclear, as no physical interaction between
endogenous Madl and RZZ has been reported in mam-
malian cells. In Drosophila, only a small fraction of over-
expressed RZZ and Madl co-precipitate (36). Consistent
with previous reports, we did not observe the interaction
between endogenous RZZ and WT-Mad1/S546A-Madl ei-
ther. Then we purified Madl His-fusion protein and per-
formed an in vitro ULKI1-phosphorylation assay to ob-
tain phos-S546-Madl1 protein. After incubating with flag-
Rod-/flag-Zw10-/flag-Zwilch-expressing cell lysates, wild-
type Madl, but not phosphorylation-incompetent S546A-
Madl, was detected in IPs of cell lysates (Supplemen-
tary Figure S7G-I), indicating that phosphorylation of
Madl by ULKI can promote the interaction between
Mad1l and RZZ complex. Since Madl is tightly bound to
Mad?2 in cells, we also tested the interaction between RZZ
and Madl-Mad2 complex. By using reconstituted Madl—
Mad2 complex (Figure 6E), we obtained similar results and
further confirmed that Mad1 phosphorylated at S546 could
interact with the RZZ complex (Figure 6F-H).

Inhibition of ULK1 increases the cancer cells sensitivity to
taxol

A functional mitotic checkpoint has been reported by nu-
merous groups to be required for sensitivity to microtubule
poisons (37-40). In contrast, cells with weakened mitotic
checkpoint have also been reported to be sensitive to mi-
totic poisons (41-43). We then tried to investigate the role of
ULKI-mediated Madl phosphorylation in regulating the
sensitivity of cells to microtubule poisons. Paclitaxel (taxol),
a microtubule-stabilizing antineoplastic agent, has been ex-
pected to exert its anti-tumor effects by inducing mitosis
arrest for decades. However, intratumoral concentrations
of taxol are lower than that necessary to affect mitotic ar-
rest (44). Therefore, we next tested the effect of ULK1 on
the fidelity of chromosome segregations in response to low-
dose taxol. We found that upon 5 nM taxol treatment, the
frequency and severity of chromosome segregation errors
was increased in ULK1-KO cells or in cells treated with
SBI-0206965, a highly selective ULK1 inhibitor (45) (Fig-
ure 7A-C; Supplementary Figure S8A and B). Further-
more, compared with that in Mad1-WT-expressing cells,
the percentage of severely mis-segregated chromosomes in
Mad1-S546A-expressing cells increased from 8% to 22% af-
ter taxol treatment (Figure 7D). These data suggested that
inhibition of ULK1-induced Mad!l phosphorylation leads
to higher chromosomal instability (CIN) upon low-dose
taxol treatment. Then, we tested whether that high CIN
could reduce cell proliferation. As shown in Figure 7E and
F, and Supplementary Figure S8C and D, ULK 1-inibibited
cells are much more sensitive to taxol than wild-type cells
with normal ULK level or activity. A rescue experiment in
Mad1-KD cells yielded similar results, with ~400% prolif-
eration rate in cells with Madl-WT treated with taxol for
4 days, but only 90% proliferation rate in cells expressing
Mad1-S546A (Figure 7G). Additionally, we also tested the
colony formation of the ULK1-KO and wild-type cell lines
under the treatment of 5 nM taxol. We found that colony
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formation capacity of ULK1-KO cells or Mad1-S546A-
expressing cells was drastically reduced by taxol compared
with that of control cells, suggesting that ULK 1 inhibition
sensitizes tumor cells to clinically relevant doses of taxol.
(Figure 7TH-K).

DISCUSSION

In yeast, Atgl is a central autophagy regulator required for
bulk autophagy (46). In mammalian cells, Atgl has two
homologs known as ULK1 and ULK?2. ULK1/2 forms a
complex with Atgl3, FIP200 and Atgl01. Distinct from
most other types of Atg-deficient mice, FIP200-deficient
mice (47) or Atgl3-deficient mice (48) die in utero. Mice
lacking either ULK1 or ULK?2 are viable, but ULK1/2
double-knockout mice die within 24 h of birth (49), in-
dicating that ULK1/2-Atgl13-FIP200 complex have addi-
tional functions in pathways other than autophagy. Here
in our study, we found that, under non-stress conditions,
ULKI complex also plays important roles in SAC regu-
lation. Moreover, we demonstrate that ULK1 phosphory-
lates Mad1 S546, which leads to the recruitment of Mad1 to
kinetochores and precise control of SAC to guarantee accu-
rate chromosome segregation. Several reports have shown
that Madl phosphorylation contributes to its function reg-
ulation. For example, phosphorylated Madl at Thr716 di-
rectly binds to Cdc20 and inhibits APC/C?" presum-
ably through stimulating MCC assembly (50). Thr680 phos-
phorylation is important for the kinetochore localization
of Mad1 and its SAC function (51). ATM-mediated S214
phosphorylation regulates Madl dimerization as well as
heterodimerization with Mad2, and contributes to activa-
tion of the SAC and the maintenance of chromosomal sta-
bility (52). Here our results show that ULK1 is also an im-
portant regulator for Madl phosphorylation and its sub-
sequent localization to kinetochore. After phosphorylation
on Ser546, Madl is prone to localize to the kinetochore and
recruit Mad2 to form mitotic checkpoint complex. Substi-
tution of Ser546 in Madl with alanine (Ser546A) dimin-
ishes the capacity of Madl kinetochore targeting and SAC
activation (Figure 5A and B). These data support the no-
tion that ULK1-dependent phosphorylation of Madl on
Ser546 plays a significant role in SAC and faithful chromo-
some segregation.

In human cells, there are two kinetochore recruitment
pathways for Madl:Mad2. One is the Knll/Bub3/Bubl
(KBB) pathway and the other is the Rod/ZW10/Zwilch
(RZZ) kinetochore complex. In the KBB pathway, Bubl ki-
nase is required for Madl-Mad2 kinetochore recruitment
(53,54), and protein phosphorylation modification plays
important roles in this process. For example, Mpsl phos-
phorylation of conserved domain 1 (CD1) in Bubl pro-
motes Bubl:Madl interaction (11-13). In our study, we
tried to investigate whether the interaction between Madl
and Bubl was effected by Madl S546 phosphorylation.
However, no obvious change was observed for the binding
of Bubl with wild-type Mad1 and phosphorylated Mad1 by
ULKI1 (Supplementary Figure S7J), indicating that phos-
S546-Mad1 kinetochore recruitment may be independent
on KBB pathway. On the other hand, through a poorly
understood mechanism, RZZ pathway stabilizes kineto-
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Figure 7. Inhibition of ULK increases the cancer cells sensitivity to taxol. (A) Immunofluorescence images of cells with different chromosome segregation
defects. Cells were synchronized by thymidine (2 mM) double block and released into fresh medium for 9 h. ‘No chrom. segregation defects’, ‘Mild
chrom. segregation defects’ or ‘Severe chrom. segregation defects’ indicate cells with 0, 1-5, or more than 5 chromosomes segregation defects in anaphase,
respectively. (B) HCT116 WT cells, ULK1-KO cells, rWT cells and rK46I cells were treated with thymidine for 24 h and then released into medium with
or without 5 nM taxol for 9 h before staining for DNA and quantification. (C) HCT116 WT cells were treated with or without 2 uM SBI throughout the
course of the experiment. Cells were treated with thymidine for 24 h and then released into fresh medium or into medium containing 5 nM taxol for 9 h
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(5 nM). After 24, 48, 72 and 96 h, the cells were harvested and counted to generate a growth curve. (F) HCT116 WT cells were treated with or without 2
wM SBI throughout the course of the experiment. Cells were treated with taxol (5 nM). After 24, 48, 72 and 96 h, the cells were harvested and counted
to generate a growth curve. (G) A set of RNAIi-resistant rescue forms of MADI1 plasmids (MADI1-rWT or rS546A) were stably transfected into HCT116
MADI1-KD cells. Cells were treated with taxol (5 nM) for different times, then harvested and counted to generate a growth curve. (H) HCT116 WT cells,
ULKI1-KO cells, ULK1-rWT cells and ULK 1-rK46I cells were treated with or without taxol (5 nM). After 2 weeks, the cloning formation was analyzed
with Crystal Violet staining. (I) Quantification of the colony numbers in (H). Asterisks indicate significance (the Tukey test; ***: P < 0.001). (J) Colony
formations of indicated treatment in (G). (K) Quantification of the colony numbers in (J).



chore localization of the Madl:Mad2 complex (14,35,55-
58). How RZZ might help recruit Mad1:Mad?2 is unclear,
as no physical interaction between Mad1 and RZZ has been
reported. In Drosophila, only a small fraction of RZZ and
Mad1 co-precipitate (36). In our study, by using in vitro pu-
rified Mad1 protein, we found that wild-type Mad1, but not
S546A-Madl, was able to interact with RZZ complex that
is overexpressed in HCT116 cells (Figure 6F-H). In addi-
tion, Knll but not ZW10 depletions reduce the amount of
kinetochore-bound Mad1-S546A and mitosis duration in
Mad1-S546A-expressing cells (Figure 6C and D). There-
fore, we hypothesize that RZZ pathway is more important
for phosphorylated Mad1 recruitment to kinetochore. The
specific relationship between Mad1 and this pathway will be
the subject of our future work.

Previous study showed that partial reduction of essen-
tial mitotic checkpoint components in tumor cells caused
mild chromosome mis-segregations, but no lethality (59). In
our study, we found that inhibition of ULK 1-induced Mad|l
phosphorylation also leads to an increase in mild chromo-
some segregation errors (Figure 7A-D). While combining
ULK1 inhibition with non-lethal dose of taxol increases the
severity of segregation errors and reduces the proliferation
rate of tumor cells (Figure 7E-F). A growing body of evi-
dence suggests that high rates of CIN cause cell death and
tumor suppression (60). It has been reported that ULK1
inhibitor SBI-0206965 greatly synergized with mTOR in-
hibitor to kill tumor cells (45). In our study, we found that
ULKI inhibition also enhanced cancer cells sensitivity to
taxol, thus providing a strong rationale for their combined
use in the clinic.
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