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phosphorylation of ATG13, ULK1, ATG14, and TFEB, mTOR pro-



Since repression of autophagy is proposed to protect exposed

chromatin from autophagosomes, we reasoned that inhibition of

autophagy would correlate with NEB. We used HEK293 cells sta-

bly expressing low levels of GFP-ATG13 that exhibit normal

puncta formation following mTOR inhibition (Karanasios et al.,

2013) (Figure S1
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with another ATP-competitive mTOR inhibitor, Torin-1, pro-

moted mTOR localization to lysosomes in interphase cells (Fig-

ure 2A). To validate these results with another marker, we utilized

a HAP-1 cell line in which endogenous RAPTOR has been

tagged with GFP by CRISPR/Cas9 editing (Manifava et al.,

2016). Consistent with our results in HeLa cells, RAPTOR-GFP

failed to localize to lysosomes during normal mitosis (Figure 2B).

Starvation promoted a diffuse distribution of RAPTOR-GFP,

which was reversed upon re-addition of nutrients in interphase

cells (Manifava et al., 2016) (Figure 2B). However, re-addition

of nutrients failed to promote any RAPTOR-GFP foci in mitotic

cells (Figure 2B). Thus, mTORC1 no longer exhibited a

nutrient-dependent recruitment to lysosomes during mitosis.

RAPTOR is hyperphosphorylated during mitosis by CDK1, and

this has previously been proposed to result in mTORC1’s hyper-

activation (Ramı́rez-Valle et al., 2010). However, we observed

that while AZD8055 treatment promoted the translocation of

RAPTOR from the cytosol to membrane fraction, this was pre-

vented by paclitaxel treatment, and this correlated with RAPTOR

hyperphosphorylation; indeed, hyperphosphorylated RAPTOR

was strongly enriched in the cytosolic fraction in mitotic cells (Fig-

ure S2). Thus, mitotic phosphorylation of RAPTOR was associ-

ated with its loss from the Lamp2-containing membrane fraction.

Since the Rag GTPases recruit RAPTOR (and thereby mTOR)

to lysosomes, we assessed Rag localization during mitosis.

RagC localization strongly correlated Lamp2 in both interphase

and mitotic cells (Figure 2C). However, overexpression of domi-

nant active Rag pairs (RagBGTP RagDGDP) failed to promote
mTOR localization to lysosomes in mitotic cells (Figure 2D).

This implied that activated Rag GTPases were unable to recruit

RAPTOR during mitosis, so we assessed Rag-RAPTOR interac-

tions by capturing RAPTOR-GFP from HAP1 cells using GFP-

Trap (Figure 2E). Paclitaxel treatment of cells resulted in

RAPTOR phosphorylation and impaired both RagA and RagC

binding to RAPTOR (Figure 2E), supporting our immunofluores-

cence data. In contrast, paclitaxel had no effect on the binding

of mTOR to RAPTOR, suggesting the mTORC1-RAPTOR com-

plex remained intact during mitosis (Figure 2E). The paclitaxel-

induced dissociation of RAPTOR from Rag proteins was

completely reversed by the selective CDK1 inhibitor RO-3306

(Figure 2F), which also prevented RAPTOR phosphorylation.

To assess the role of CDK1-dependent RAPTOR phosphoryla-
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CDK1-dependent phosphorylation of these seven sites is suffi-

cient to impair mTORC1 localization to lysosomes. However,

other mitotic phosphorylation sites (currently unidentified) may

also contribute to the failure of mTORC1 to localize to lysosomes.

CDK1-Dependent Phosphorylation of Multiple
Autophagy Regulators during Mitosis
Since autophagy initiation was inhibited during mitosis yet

mTORC1 was unable to recruit to lysosomes to become acti-



nocodazole, a microtubule-depolymerizing agent, and this was

also reversed by three independent CDK1 inhibitors (Figure 3F).

Finally, dimethylenastron, an inhibitor of the mitotic kinesin Eg5

that elicits a pro-metaphase arrest (Liu et al., 2006), also caused

CDK1-dependent phosphorylation of ARs (Figure S3). Thus, hy-

perphosphorylation of key ARs was observed when mitotic ar-

rest was induced by three different treatments and in each

case was dependent on CDK1 activity.

Mitotic Phosphorylation of Autophagy Regulators Is
Independent of mTORC1



proposed as an ERK2 substrate (Settembre et al., 2011), but the

MEK1/2 inhibitor trametinib failed to reverse mitotic hyperphos-

phorylation of TFEB or other ARs (Figure 4A). These results were

observed in five different cell lines representing a range of tissue

types (Figure S4), and the degree of AR hyperphosphorylation

correlated with the degree of mitotic arrest for each cell line, as

judged by the proportion of 4E-BP1-d and p-S10 H3 intensity

(Figure S4). Mitotic hyperphosphorylation of ARs was observed

even when cells were treated with starvation media and/or

ZSTK474 (a pan class I phosphatidylinositol 3-kinase [PI3K] in-

hibitor; Kong and Yamori, 2007) (Figure S5C). Thus, ARs were

no longer responsive to amino acid depletion in mitosis.

We also compared SW620 cells with derivatives that have ac-

quired resistance to AZD8055 (SW620:8055R cells), such that

they are maintained in the presence of drug with little or no

detectable mTORC1 signaling (Cope et al., 2014); these cells

also exhibited hyperphosphorylation of ARs upon paclitaxel

treatment (Figure S5A) despite lacking a canonical p-T389 S6K

signal. Finally, to confirm whether AR hyperphosphorylation

was present in only mitotic cells and not in interphase pacli-

taxel-treated cells, we performed a mitotic shake-off (Figure 4C).

As expected, AZD8055 treatment promoted the dephosphoryla-

tion of ARs in attached cells, showing that paclitaxel-treated

cells in interphase respond normally to mTOR inhibition. How-

ever, the mitotically enriched fraction displayed the hyperphos-

phorylated forms of ARs, regardless of the presence or absence

of AZD8055 (Figure 4C). Altogether, these results demonstrate

that the mitotic phosphorylation of ARs was dependent upon

CDK1 and independent of mTORC1.

As an alternative to the use of pharmacological inhibitors of

mTOR, we used a D30-TFEB mutant that is defective for lyso-

somal localization and phosphorylation by mTORC1 (Martina

and Puertollano, 2013; Roczniak-Ferguson et al., 2012). We

generated HeLa cells stably expressing WT-TFEB-GFP or D30-

TFEB-GFP; the latter cells exhibited nuclear localization of

D30-TFEB-GFP, regardless of treatment conditions (Figure S5D),

because it could not be phosphorylated by mTOR (Figure 4D),

the normal signal for its cytoplasmic retention. Furthermore,

D30-TFEB-GFP did not localize to lysosomes upon treatment

with AZD8055, unlike WT-TFEB, which showed strong co-local-

ization with the lysosomal marker LAMP2 (Figures S5D and S5E),

as previously described upon treatment with ATP-competitive

mTOR inhibitors (Roczniak-Ferguson et al., 2012). When these

cells were starved, WT-TFEB-GFP was hypophosphorylated

and this was reversed upon re-addition of complete media; in

contrast, D30-TFEB-GFP showed no alteration in its electropho-

retic mobility regardless of the presence or absence of amino

acids (Figure 4D). However, both WT-TFEB-GFP and D30-

TFEB-GFP were phosphorylated upon paclitaxel treatment (Fig-

ure 4D). Mitotic shake-off of paclitaxel treated samples

confirmed that the hyperphosphorylation of both WT and



CDK1-Dependent Mitotic Phosphorylation of Autophagy
Regulators Occurs at Known Repressive Sites
The preceding results suggested that the mTOR-independent,

mitotic hyperphosphorylation of ARs might occur at known

repressive sites that are normally phosphorylated by mTORC1

during interphase. To test whether this could be due to direct

phosphorylation by CCNB1-CDK1, we purified bacterially ex-

pressed glutathione S-transferase (GST)-fusion proteins con-

taining regions of ARs that are usually phosphorylated by

mTORC1. Specifically, these were ATG13 194–282 (S259),

ULK1 706–827 (S758), ATG14 348–470 (S383 and S440), and

TFEB 76–160 (S122 and S142). Notably, these known repres-

sive sites were all proline-directed serines (pS-P), consistent

with minimal phospho-acceptor motif for CDK1. CCNB1-

CDK1 complexes phosphorylated all of the GST fusion proteins

in vitro, and this was inhibited by low doses of two CDK1-selec-

tive inhibitors, RO-3306 (300 nM) and NU6102 (500 nM) (Fig-

ure 6A). Analysis of the in vitro kinase reactions of ATG13,



just prior to mitosis (Figure 6D; Video S4). TFEB did still maintain

a punctate lysosomal association throughout mitosis (Fig-

ure S5E), in stark contrast to our findings for mTORC1 (Figure 2).

This provides further evidence that alterations in Rag-GTPases

were not responsible for mTORC1’s failure to localize to lyso-

somes, since Rag heteroduplex activity mediates TFEB’s

localization to lysosomes independently of RAPTOR (Martina

and Puertollano, 2013). Thus, TFEB was rapidly exported from

the nucleus in an mTORC1-independent manner just prior to

mitosis.

Nutrient-responsive phosphorylation of ATG13 at S224 and

S258 (human 259) represses ULK1 kinase activity (Puente

et al., 2016). mTORC1 directly phosphorylates S259, while

S224 is dependent upon AMPK. We performed mass spectrom-

etry analysis of GFP-ATG13 immunoprecipitated from cells

treated with paclitaxel and/or AZD8055. As expected,

AZD8055 caused a striking reduction in S259 phosphorylation



Table 1. ATG13 Is Phosphorylated at Known Repressive Sites during Mitosis

Treatment (Fold Change to DMSO Control)

Paclitaxel AZD8055

Paclitaxel +

AZD8055
mTORC1 failed to localize to lysosomes for activation in mitosis.

These results were observed in HAP1 (Figure 6E) and HCT116

(Figure S7).

In summary, mTOR-independent mitotic phosphorylation of

ATG13, ULK1, ATG14, and TFEB occurred at the same repres-

sive phosphorylation sites as those targeted by mTOR in

interphase. In the case of ULK1 and TFEB, this had the same

functional consequences: inhibition of ULK1 and nuclear

export/cytosolic sequestration of TFEB. Collectively, our results

indicate that mTORC1 is inactivated during mitosis and that

CDK1 takes over its functions to ensure a system-wide repres-

sion of autophagy.

DISCUSSION

Our new data demonstrating the absence of autophagic puncta

containing the ULK1 complex (a well-validated component of

early autophagosomal structures) in mitotic cells provide strong

and unambiguous support for the conclusion that autophagy is

indeed inhibited at the earliest stages during mitosis. Critically,

these core observations were made in HeLa, HEK293, and

diploid MRC5 cells in the absence of any chemical mitotic poison

(Figure 1). Indeed, the debate surrounding the regulation of

endocytosis during mitosis (Fielding et al., 2012; Tacheva-Gri-

gorova et al., 2013) has emphasized the need to confirm results

obtained by pharmacological treatment with experiments in cells

undergoing a natural or unperturbed mitosis.

We now demonstrate that this mitotic repression of autophagy

is likely a result of ARs switching from mTOR-dependent to

CDK1-dependent control during mitosis. That all these sites

are proline directed (pS-P), that mitotic phosphorylation of these

proteins was reversed by RO-3306, and that CCNB1-CDK1

phosphorylated these same sites in vitro strongly suggests that

CDK1 is the kinase responsible for phosphorylating these sites

during mitosis in cells. However, we cannot presently rule out

additional contributions by CDK1-dependent kinases at other

sites. Regardless, our results clearly reveal a system-wide

repression of autophagosome synthesis during mitosis that is

orchestrated by CDK1 and includes components involved early

in autophagosome synthesis (ATG13 and ULK1) and maturation

(ATG14) as well as those involved in maintaining autolysosome

capacity (TFEB). CDK1-dependent inhibition of TFEB might not

have a significant effect on autophagosome formation during
the 90 min required for completion of mitosis, but prolonged

inhibition of lysosome biogenesis may be more significant during

chronic mitotic arrest elicited by chemotherapeutic agents such

as paclitaxel. This overarching control of autophagy at multiple

stages by CDK1 suggests a far more extensive repression of

autophagy than originally proposed by single-site phosphoryla-

tion of VPS34 (Furuya et al., 2010). While these redundant mech-

anisms will ensure the rapid shutdown of autophagy during

mitosis, regardless of nutrient status, they will prove challenging

for future mechanistic studies; for example, it is highly unlikely

that mutation of single sites or multiple sites in a single protein

will be able to reinitiate autophagy in mitosis. Indeed, such ap-

proaches would also undermine mTOR-dependent regulation

of autophagy in interphase.

Our results also provide a critical insight into the molecular

mechanism underlying the suppression of mTOR activity during

mitosis that necessitates the switch from mTOR to CDK1-

dependent regulation. During mitosis, both mTOR and RAPTOR,

the mTORC1-specific adaptor, failed to localize to lysosomes,

where mTOR is normally activated by nutrients. Thus, mTOR

was not activated in response to nutrients during mitosis, consis-

tent with the loss of p-T389 S6K in paclitaxel-treated cells (Fig-

ure 6). While the RAPTOR-mTOR interaction remained intact,

RAPTOR binding to the Rag GTPases was inhibited in mitotic

cells. This correlated with the CDK-dependent hyperphosphory-

lation of RAPTOR, and phospho-mimetic mutation of seven

known CDK1-dependent sites in RAPTOR strongly inhibited

Rag binding. Thus, CDK1-dependent RAPTOR phosphorylation

appears to be a (perhaps the) critical event for mitotic inhibition

of mTORC1. This is consistent with the mTORC1-independent

phosphorylation of autophagy components outlined here and

the previously published CDK1-dependent hyperphosphoryla-

tion of 4E-BP1 in mitosis (Shuda et al., 2015). Indeed, our results

and published work suggest that the mTORC1 phosphopro-

teome may be globally subverted by CDK1 during mitosis, so it

will be important to examine other mTORC1 substrates such

as Grb10 and LARP1, which, as far as we know, have not been

investigated.

In summary, our results suggest a system-wide repression of

autophagosome synthesis during mitosis that is orchestrated by

CDK1-dependent inactivation of mTORC1 and a switch from

mTORC1 to CDK1 for control of critical ARs. This effectively in-

sulates the autophagy machinery from nutrient status so that



autophagy cannot be activated during the vulnerable period of

mitosis.
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Detailed methods are provided in the online version of this paper
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48hrs after transfection the retroviral supernatant was used to infect HeLa cells. The following day the cells were passaged and 24hrs

later selected with puromycin (2mg ml-1) for 2 weeks.

Western blot
Adherent and suspension cells were collected and washed with ice-cold PBS prior to lysis in RIPA buffer (50 mM Tris-HCl pH 8,

150 mM NaCl, 1% v/v Triton X-100, 1% w/v sodium deoxycholate, 0.1% w/v SDS, 50 mM NaF, 1 mM Na3VO4, 1 mM PMSF,

5 mg ml-1 aprotinin, 10 mg ml-1 leupeptin). Lysates were then clarified by centrifugation at 13,000 g for 10 minutes at 4�C. Protein

quantification was performed using Pierce BCA assay, as per manufacturer’s instructions (ThermoFisher). Equal amounts of protein

were then boiled with Laemelli sample buffer and fractionated by SDS-PAGE as described previously (Balmanno and Cook, 1999;

Garner et al., 2002). Briefly, gels were run at 100V using a Hoefer Mighty Small system. Gels were then transferred to methanol-

soaked PVDF membranes at 300 mA for 100 mins. Membranes were blocked in 5% Milk/TBST prior to incubation in indicated pri-

mary antibodies overnight. Secondary antibodies were then added for 1 hour prior to detection either through chemiluminescence

(ECL) or fluorescence (LI-COR Odyssey).

Figure S6B: Cells were lysed in TG lysis buffer (20 mM Tris-HCl pH 7.6; 137 mM NaCl; 1% v/v Triton X-100; 10% glycerol; 1 mM

EGTA; 1.5 mM MgCl2; 50 mM NaF; 1 mM Na3VO4; 1 mM PMSF; 10 mgml-1 leupeptin; 5 mgml-1 aprotinin) and protein quantification

performed by Bradford assay (Bio-rad). Detection of blots after incubation in fluorescent secondaries (Cell Signaling Technologies)

was performed using the LI-COR Odyssey system.

Immunoprecipitation
Cells were washed in ice-cold PBS and lysed in TG lysis buffer. Lysates were then clarified by centrifugation and protein quantifica-

tion was performed using Bradford assay (Bio-rad) as per manufacturer’s instruction. Protein concentration was then equilibrated



Flow cytometry
Propidium Iodide staining was performed as previously described (Garner et al., 2002). Briefly, adherent and suspension cells were

collected and fixed in 70% ethanol/PBS. Cells were then incubated in PI stain (50 mg ml-1 PI, 0.1 mg ml-1 RNase, PBS) for 30 min

at 37�C.

For immunostaining, cells were collected and fixed in 70% ethanol/PBS. Permeabilisation was performed by resuspension of cells

in 0.2% Triton X-100/PBS for 10 minutes at room temperature. p-S758 ULK1 and p-S10 H3 were diluted 1:200 in 1% BSA/PBS and

cells incubated for 1 hour at room temperature. Cells were subsequently incubated in secondary antibodies (1:500) for 30 minutes.

Cells were resuspended in 1% BSA/PBS prior to analysis. All flow cytometry was performed on a LSRII (BD Biosciences).

Analysis was performed using FlowJo version 10. To calculate p-S758 ULK1 intensity, mean intensity of the relevant subpopulation

from the p-S10 H3 antibody-only control was subtracted from the mean intensity of the same subpopulation within the sample.

Recombinant protein expression
Protein fragments were PCR amplified from TFEB-GFP, pOPH10-ATG13, GFP-ATG14 and HA-ULK1, and sub-cloned into pGEX-

4T1 vector using standard protocols. Construct was verified by Sanger sequencing (Genewiz). Primers for PCR amplification

were as follows:

TFEB (76–160)

Fwd (with BamHI): TAACGGATCCCTGGAGAATCCCACATCC

Rev (with EcoRI and stop codon): TAACGAATTCTCAGACATCATCCAACTCCCTCT

ATG13 194–282

Fwd (with BamHI): TAACGGATCCGCATTCATGTCTACCAGG

Rev (with EcoRI and stop codon): TAACGAATTCTCAGTCAGCTGATCCAACGCC

ULK1 (706–827)

Fwd (with BamHI): TAACGGATCCGCGTTTGGGACACAAGCC

Rev (with EcoRI and stop codon): TAACGAATTCTCAGGCCTCGAAGGTCACAGC

ATG14 (348–470)

Fwd (with EcoRI): TAACGAATTCGTGAAGAAACTGAATGC

Rev (with XHOI and stop codon): TAACCTCGAGTCATGCACTGCTGCTCGCGATG

pGEX constructs were then used to transform BL21 (DE3) cells as per manufacturer’s instruction (New England Biolabs). At

OD600 = 0.6, cells were induced with 0.3 mM IPTG and maintained for 16 hours at 21�C. Cells were lysed in bacteria lysis buffer

(1% Triton, 2 mM EDTA, 2 mM DTT, 200 mM PMSF, 5 mg ml-1 aprotinin, PBS). Recombinant proteins were then purified from bacterial

lysates with glutathione-Sepharose beads (GE healthcare). Elution was performed by glutathione competition (10 mM reduced gluta-

thione, 50 mM Tris pH 8), and eluates were dialysed using a 20kDa cut-off Slide-A-lyzer cassette (Thermo). Protein concentration was

performed by Bradford assay against a BSA standard curve.

CCNB1-CDK1 kinase assay
HAP-1 cells were treated with paclitaxel (50 nM) for 16 hours prior to lysis in IP extraction buffer. Lysates were then clarified by centri-

fugation at 13,000 g for 10 minutes at 4�C and pre-cleared with protein A Sepharose for 30 minutes at 4�C. Subsequently, cyclin B1

(CCNB1) was immunoprecipitated with monoclonal cyclin B1 antibody (GNS1) for 2 hours at 4�C. Immunoprecipitates were washed



QUANTIFICATION AND STATISTICAL ANALYSIS

One-way and Two-way Anova (Tukey) were performed on paired raw-values as indicated using Graphpad Prism 8. For the purposes

of figures p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). For the purposes of graphical representation, raw values were made

relative to the untreated control sample. Where indicated ‘n’ is the number of independent biological replicates, and ‘SD’ is the stan-

dard deviation across these replicates.

DATA AND CODE AVAILABILITY

Source data are deposited in Mendeley data DOI: https://doi.org/10.17632/cp9rjyzfph.1
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