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Abstract

STK38 (also known as NDR1) is a Hippo pathway serine/thre-
onine protein kinase with multifarious functions in normal and
cancer cells. Using a context-dependent proximity-labeling assay,
we identify more than 250 partners of STK38 and find that
STK38 modulates its partnership depending on the cellular
context by increasing its association with cytoplasmic proteins
upon nutrient starvation-induced autophagy and with nuclear
ones during ECM detachment. We show that STK38 shuttles
between the nucleus and the cytoplasm and that its nuclear exit
depends on both XPO1 (aka exportin-1, CRM1) and STK38 kinase
activity. We further uncover that STK38 modulates XPO1 export
activity by phosphorylating XPO1 on serine 1055, thus regulating
its own nuclear exit. We expand our model to other cellular
contexts by discovering that XPO1 phosphorylation by STK38
regulates also the nuclear exit of Beclin1 and YAP1, key regula-
tor of autophagy and transcriptional effector, respectively.
Collectively, our results reveal STK38 as an activator of XPO1,
behaving as a gatekeeper of nuclear export. These observations
establish a novel mechanism of XPO1-dependent cargo export
regulation by phosphorylation of XPO1’s C-terminal auto-inhibi-
tory domain.
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Introduction

The serine/threonine kinase 38 STK38, also known as NDR1, is

important in multifarious and unrelated biological functions, playing

roles in cell cycle progression [1,2], apoptosis [3], and centrosome

duplication [4,5]. As a member of the Hippo core signaling, STK38

can directly phosphorylate the Hippo effector YAP1 on S127, result-

ing in YAP1 inactivation by cytoplasmic sequestration [6]. In addi-

tion, STK38 has pro-cancer cell survival functions in stress response

and adaptation. STK38 responds to osmotic shock and to the expres-

sion of RASSF1A, a Hippo pathway regulator [7]. Moreover, STK38

kinase activity is required for autophagy induction in response to

starvation by regulating Beclin1 [8]. Finally, STK38 was also

reported to be involved in resistance to anoı̈kis of cancer cells [9].

This non-comprehensive inventory illustrates the variety and

multiplicity of cellular functions driven by and/or dependent on

STK38. How a single kinase can perform these crucial, but clearly

distinct, functions? Would it have function-specific substrates or a

yet-unknown common regulator being permissive for these func-

tions? To address this question, we performed a proximity-

dependent biotinylation to map STK38 partnership in different

cellular contexts. This revealed that STK38 interacts mainly with
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cytoplasmic proteins upon starvation-induced autophagy, and with

nuclear proteins after ECM detachment, suggesting that the subcel-

lular localization of STK38 plays a regulatory role in response to

these diverse stimuli. In addition, we confirmed a nuclear/cytoplas-

mic shuttling of STK38 being under the dependency of its own

kinase activity and on XPO1 (exportin-1, aka CRM1) nuclear export.

Moreover, we discovered that STK38 phosphorylates the serine

1055 in the auto-inhibitory domain of XPO1, thereby triggering the

nuclear export of STK38 itself as well as other XPO1 cargoes such as

Beclin1 and YAP1. These results suggest that STK38 regulates the

subcellular localization and thereby the function of central cellular

components by modulating their nuclear export via phosphorylation

of XPO1 on its auto-inhibitory domain.

Results

STK38 interacts with different sets of partners depending on the
cellular context

To identify the proteins that interact with STK38 upon nutrient star-

vation-induced autophagy, or when cells resist to anoı̈kis in suspen-

sion, we undertook a context-dependent proteomic approach [10]

by establishing cell lines stably expressing APEX2 N-terminally

fused to STK38 (Fig EV1). HeLa cells were used for nutrient starva-

tion-induced autophagy condition and HEK-HT-HRasG12V cells

(hereafter referred to as HekRasV12) [11,12] for anoı̈kis resistance

condition, to match with previous studies of STK38’s roles in autop-

hagy [8] and survival upon ECM detachment [9], respectively. A

quantitative SILAC proteomic methodology was applied, comparing

quantitatively, on the one hand, complete medium incubation

versus nutrient starvation-induced autophagy (see Fig EV1 for this

example) and, on the other hand, attached growth versus suspen-

sion growth. Validation of autophagy process (Appendix Fig S1A

and B) and biotinylation efficiency in both contexts (Appendix Fig

S1C and D) was performed before mass spectrometry (MS) identifi-

cation. Each replicate displayed a good correlation between experi-

ments (Appendix Fig S1E), indicating a high reproducibility

between biological triplicate samples.

Ninety-seven binding partners of STK38 were identified in the

context of autophagy, and 221 partners were identified in the

context of suspension growth (Fig 1A) (see Dataset EV1 for the

complete list), including several known interactors of STK38 such

as MAP4K4 [7], HIST2H2AC [13], EWSR1 [14], NPM1 [15], YWHAZ

[16], and MAGOH [17]. Among these 97 interactors, 32 displayed

an interaction with STK38 that was significantly increased upon

nutrient starvation-induced autophagy as compared to rich medium,

while interaction with only one protein was decreased. Upon ECM

detachment, 44 proteins displayed an increased interaction with

STK38, while for 72 proteins, the interaction with STK38 was

decreased. Interestingly, 50 partners were common to both studied

conditions, but displayed a differential association status with

STK38, depending on the context (Fig 1A). These 50 common part-

ners were classified by unsupervised hierarchical clustering, based

on their association status with STK38, resulting in two main clus-

ters as highlighted in orange and purple in Fig 1B. The upper cluster

(orange) is composed of 31 proteins mainly increasing their interac-

tion with STK38 upon nutrient starvation-induced autophagy while

decreasing their interaction with STK38 upon ECM detachment. The

lower cluster (purple) consists of 19 proteins that increase their

interaction with STK38 in suspension but do not see their interac-

tion with STK38 modified upon nutrient starvation-induced autop-

hagy. Gene Ontology analysis of these two groups of interactors

revealed a striking difference (Fig 1C): The most enriched terms

upon nutrient starvation-induced autophagy characterize these

proteins as localized in the cytoplasm, while the cluster enriched

upon ECM detachment contains mainly nuclear proteins. These

results suggest that upon autophagy induction, STK38 associates

with cytoplasmic partners while, upon ECM detachment, STK38

appears to preferentially interact with nuclear proteins.

STK38 interacts with XPO1

The above observations imply that STK38 shuttles between the

nucleus and the cytoplasm. Exportin-1 (XPO1), also known as the

chromosomal region maintenance protein 1 (CRM1), the main

nuclear export factor (karyopherin) that transports a wide diversity

of proteins from the nucleus to the cytoplasm [18–21], was identi-

fied in our screen as a novel STK38 interactor (Dataset EV1). To

investigate whether STK38 interacts with XPO1, we performed a

pull-down experiment. myc-tagged STK38 was transiently co-

expressed with Flag-XPO1, or Flag-Sirt3 as a control. Upon pull-

down using Flag antibody, STK38 co-immunoprecipitated with

XPO1 but not with Flag-Sirt3 (Fig 2A), suggesting that STK38 physi-

cally interacts with XPO1. In addition, inhibiting protein phos-

phatase type 2A (PP2A) with okadaic acid (OA), which increases

STK38 phosphorylation state and activity [22], did not modify the

binding of STK38 and XPO1.

STK38 accumulates in the cytoplasm upon nutrient starvation-
induced autophagy in a XPO1-dependent manner

Our proximity-labeling experiment suggested that STK38 interacts

mainly with cytoplasmic proteins upon nutrient starvation, suggest-

ing that in this condition, STK38 is localized to the cytoplasm. Due

to the lack of specific and sensitive antibodies to follow endogenous

STK38 subcellular localization using immunofluorescence (IF),

HeLa cells were transfected with a plasmid expressing myc-tagged

STK38. Immunostaining of STK38 in nutrient-starved cells (EBSS

medium) demonstrated that STK38 localizes mainly in the cyto-

plasm, while in nutrient-rich medium (complete DMEM) STK38 is

mainly localized in the nucleus (Fig 2B and C). The highly selective

XPO1 inhibitors KPT-185 and KPT-330 [23,24] inhibited STK38’s

exit form the nucleus. XPO1 inhibition by KPT-185 and KPT-330

was validated in parallel by monitoring the nucleo-/cytoplasmic

localization of a well-known cargo of XPO1: IjBa (Appendix Fig

S2A and B). Together, these results indicate that STK38 shuttles

from the nucleus to the cytoplasm upon nutrient starvation in a

XPO1-dependent manner.

To study whether the XPO1-dependent transport of STK38 contri-

butes to STK38’s function in autophagy [8,25], we monitored the

levels of p62/SQSTM1, a well-known autophagy substrate. As

expected, p62 levels decreased upon starvation (Fig 2D). However,

the inhibition of XPO1 with the subsequent inhibition of STK38

cytoplasmic localization reduced p62 degradation (Fig 2D), indicat-

ing a defect in autophagy flux. As a complementary approach, we

2 of 20 EMBO reports 20: e48150 | 2019 ª 2019 Institut Curie

EMBO reports Alexandre PJ Martin et al



A

B C

Figure 1. STK38 associates with cytoplasmic interactors upon nutrient starvation and with nuclear interactors upon suspension growth.

A Venn diagram of STK38 partners identified in both starvation and suspension conditions by proximity biotinylation assay coupled to mass spectrometry identification
(see Appendix Table S1 for the complete list of STK38 context-dependent interactors and Fig EV1 for the context-dependent protein labeling strategy).

B Heatmap representation of common STK38 interactors identified in both starvation and suspension conditions according to their dynamic of association with STK38
(with a minimal fold increase of 1.38 � 0.06). Unsupervised hierarchical clustering was generated based on their association fold using Pearson correlation.

C Representation of the 10 most cellular component enriched terms of the two clusters (assessed by using the Gene Ontology (GO) database; http://www.geneontology.
org/).
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generated a stable cell line expressing the autophagic flux probe

GFP-LC3-RFP-LC3D [26]. HeLa GFP-LC3-RFP-LC3D cells were vali-

dated by silencing autophagy regulators such as ATG5 and Beclin1

followed by measuring the GFP-LC3/RFP-LC3D ratio by FACS. Simi-

lar to the silencing of ATG5 or Beclin1, knockdown of STK38 signifi-

cantly impaired the reduction of the GFP-LC3/RFP-LC3D ratio

observed in the control condition upon EBSS treatment, indicating a

defect in autophagy in these conditions (Appendix Fig S2C and D).

This method was used to examine XPO1’s contribution to nutrient

starvation-induced autophagy (Fig 2E). Significantly, XPO1 inhibi-

tion by both KPT-185 and KPT-330 significantly reduced autophagy,

as measured by the GFP-LC3/RFP-LC3D ratios. Taken together,

these results indicate that STK38 is exported to the cytoplasm by

XPO1 upon starvation-induced autophagy and that XPO1 has to be

functional for the resulting starvation-induced autophagy process,

but are in contrast to a previous report where blockage of XPO1 led

to the nuclear accumulation of TFEB and to the induction of autop-

hagy [27]. This apparent discrepancy arises in two different settings:

with XPO1 being inhibited for 6 h for the transcription-dependent

autophagy induction [27], while in our case, 4 h of inhibition led to

a blockage of autophagy. On the other hand, the TFEB-dependent

impact concerned basal autophagy as opposed to our observation

related to starvation-induced autophagy.

STK38 kinase activity is necessary and sufficient to induce its
own cytoplasmic relocalization and autophagy

To investigate whether STK38’s kinase activity is required for its

nuclear/cytoplasmic shuttling, HeLa cells were silenced for endoge-

nous STK38 followed by transient expression of wild-type STK38

(wt), kinase-dead (K118R) [3], or constitutively active (PIF) STK38

[28]. Transfected cells were subsequently submitted to nutrient star-

vation and stained for STK38 subcellular localization (Fig 3A and

B). As expected, STK38(wt) accumulated in the cytoplasm of nutri-

ent-starved cells. However, kinase-dead STK38(K118R) remained

nuclear upon starvation while a constitutively active version of

STK38(PIF) accumulated in the cytoplasm, irrespective of culture

conditions (Fig 3A and B). These results indicate that STK38 kinase

activity is required and sufficient to induce its export to the cyto-

plasm, independently of physiological conditions.

To further investigate whether STK38 kinase activity is also

involved in nutrient starvation-induced autophagy, we knocked

down endogenous STK38 in HeLa GFP-LC3-RFP-LC3DG cells, then

complemented these cells with RNAi-resistant STK38(wt), K118R,

or PIF variants (Appendix Fig S3A), and measured the autophagic

flux (Fig 3C). As expected [8], STK38 depletion significantly

impaired autophagy upon nutrient starvation, which was restored

by reintroducing wild-type STK38 (Fig 3C). In stark contrast,

expression of kinase-dead version of STK38(K118R) failed to restore

nutrient starvation-induced autophagy, while constitutively active

STK38(PIF) supported autophagy. Interestingly, expression of

constitutively active STK38(PIF) is sufficient to induce a significant

decrease in the GFP-LC3/RFP-LC3DG in nutrient-rich conditions,

indicating an increase in autophagy (Fig 3C). The same effects were

observed while using a complementary approach for autophagy

measurement: by monitoring the p62 levels (Fig 3D).

In conclusion, these experiments support that the kinase activity

of STK38 is important for both its subcellular localization and

autophagy and that STK38 is instructive and permissive for autop-

hagy (a situation similar to the one observed in flies [8]).

STK38 phosphorylates XPO1 on serine 1055

The presence of a bona fide STK38 HxRxxS/T phosphorylation motif

[29] in XPO1 protein sequence offered a patent implication of a

potential kinase–substrate relationship between STK38 and XPO1.

This motif is centered on serine 1055, reported as being phosphory-

lated in human cells by an undetermined kinase without any func-

tional relevance [30–33], and S1055 phosphorylation was required

for XPO1 interaction with a 14-3-3 [34]. We generated a phospho-

specific anti-S1055-P antibody that was validated using wt or phos-

pho-acceptor (S1055A) mutant of XPO1 (Fig EV2A). The anti-XPO1-

S1055-P antibody exhibited a strong specificity for XPO1(wt) upon

OA incubation, a potent inhibitor of protein phosphatase type 2A

(PP2A) that boosts most phosphorylation in cells, including STK38

[22], leading to XPO1 serine phosphorylation. Concurrently, as

expected, the XPO1(S1055A) mutant was not detected with this anti-

body in both whole-cell lysates and after pulling down Flag-XPO1

variants (Fig EV2A).

Using this specific anti-XPO1-S1055-P antibody, we investigated

whether STK38 can phosphorylate serine 1055 of XPO1. As expected,

OA incubation induced both phosphorylation of STK38 on T444,

revealing its activated state, and XPO1 on S1055 (Fig 4A and B). On

the other hand, knockdown of endogenous STK38 (Fig EV2B) signif-

icantly reduced the phosphorylation of XPO1 on S1055 (Fig 4A and

B). In addition, in cells where endogenous STK38 was depleted by

RNAi, expression of wt STK38, but not kinase-dead STK38, allowed

to detect S1055 phosphorylation of XPO1 (Fig 4C). Finally, the iden-

tity of the serine 1055 as the phosphorylation site was confirmed

independently by mass spectrometry (Appendix Fig S4). Taken

together, these results demonstrate that the serine 1055 of XPO1

appears to be a bona fide phosphorylation residue for STK38.

Phosphorylation of XPO1 on S1055 induces nuclear export of
STK38 and autophagy

We hypothesized that S1055 phosphorylation of XPO1 is important

for its nuclear export function. More precisely, since S1055 is at the

tip of the auto-inhibitory region of XPO1 [35], and since STK38

kinase activity is required for its XPO1-dependent nuclear export,

our working model was that this phosphorylation could relieve

XPO1 auto-inhibition and thus enable its export function. To

address this point, we analyzed the localization of STK38 in HeLa

cells transiently transfected with XPO1 mutants that are either

insensitive to phosphorylation (S1055A) or that mimic constitutive

phosphorylation (S1055D and S1055E) (Appendix Fig S5A). In order

to avoid confusion, we inhibited endogenous XPO1 activity with the

inhibitor KPT-185 while exogenous S1055 mutants of XPO1 were

mutated for C528S, which confers XPO1 resistance to both KPT inhi-

bitors without affecting its export function [24] (Fig 5A). Thus, the

impact on nuclear export will depend on the exogenously expressed

XPO1 only.

As expected, STK38 remained nuclear in both nutrient-rich and

nutrient-deprived medium conditions when XPO1(wt) was

expressed, since KPT-185 inhibited both endogenous and exogenous

XPO1-mediated nuclear export (Fig 5B and C). Conversely, STK38
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localized in the cytoplasm upon starvation when XPO1(C528S) was

expressed (Fig 5B and C), further supporting the findings described

in Fig 2. However, upon XPO1(C528S/S1055A) expression, STK38

remained nuclear in starvation condition, suggesting that S1055

phosphorylation of XPO1 is required for the nuclear export of

STK38. Reversely, expression of XPO1 carrying phosphomimetic

mutations (C528S/S1055D or C528S/S1055E) resulted in a cytoplas-

mic accumulation of STK38 even in rich medium, further supporting

the notion that XPO1 phosphorylation on S1055 is important and

instructive for the nuclear export of STK38 (Fig 5B and C).

The localization of the serine 1055 residue within the C-terminal

auto-inhibitory domain of XPO1 (highlighted in purple in Fig 5A)

[35] also prompted us to analyze the effect of a XPO1(C528S)

mutant containing a 39-amino acid C-terminal deletion. Expression

of this C-terminal deletion mutant indeed resulted in a cytoplasmic

accumulation of STK38 irrespective of the culturing conditions

(Fig 5B and C). Taken together, these results point toward a mecha-

nism where phosphorylation of S1055 releases XPO1 auto-inhibitory

activity to open up the cargo binding site and allow XPO1 to carry

on its nuclear export function.

To independently probe these results, we created S1055 XPO1

mutants in the endogenous genomic locus of haploid HAP1 cells

using genome editing (Fig EV3A). HAP1 cells carrying a XPO1S1055A

mutant exhibited a reduced autophagy when starved of nutrient, as

shown by the limited degradation of the p62 autophagy marker

compared to wild-type cells (Fig 5D). Conversely, both phospho-

mimetic XPO1 mutants (XPO1S1055D and XPO1S1055E) induced p62

degradation irrespective of culturing conditions (Fig 5D). These

results indicate that phosphorylation of XPO1_S1055 is not only

required for nutrient starvation-inducted autophagy, but also suffi-

cient to induce autophagy. Are the phosphorylation and activation

of XPO1 linked to the requirement of STK38 for autophagy [8]? To

address this point, we monitored autophagy by tracking LC3 dots

and using HEK-HT cells stably expressing iRFP-LC3. We expressed

the XPO1 mutants (C528S in addition, or not, of S1055 mutations)

while depleting, or not, endogenous STK38 by RNAi, and inhibiting

endogenous XPO1 with KPT-185. Depletion of STK38 (see

Appendix Fig S5B for STK38 protein level) did not affect autophagy

when phosphomimetic mutant (S1055D) of XPO1 was expressed, as

compared to the other conditions by following LC3 dot formation

(see Fig 5E for quantification and Fig EV3B for representative

images). This result suggests that the main function of STK38 in

autophagy is to support XPO1 export activation by phosphorylating

XPO1 on S1055.

STK38 controls Beclin1 subcellular distribution through
XPO1 phosphorylation

In agreement with a previous report [36], we found that Beclin1

shuttles from the nucleus to the cytoplasm of starved HeLa cells in

a XPO1-dependent manner. This shuttling was regulated by STK38,

since Beclin1 failed to exit the nucleus when STK38 was silenced

(see Appendix Fig S6A for STK38 silencing verification) (Figs 6A

and EV4A). This finding was confirmed by immunostaining of

endogenous Beclin1 in our genome-edited HAP1 cell lines. While

Beclin1 exited the nucleus from wild-type HAP1 cell lines upon

starvation (Figs 6B and EV4B), Beclin1 remained nuclear in cells

containing the mutant XPO1(S1055A). Conversely, in cells express-

ing the phosphomimetic S1055D or S1055E mutants, the nuclear

exit of Beclin1 was promoted even in nutrient-rich medium

(Figs 6B and EV4B). These results suggest that STK38, in addition

to regulating its own subcellular fate, also controls the subcellular

distribution of Beclin1 through XPO1 phosphorylation, thereby

revealing how STK38 through Beclin1 can regulate autophagy.

Here again, silencing of endogenous STK38 in cells expressing

phosphomimetic XPO1 (S1055D) did not impair Beclin1 nuclear

exit upon starvation (Figs 6C and EV4C), providing genetic support

to our model.

The subcellular localization of the Hippo pathway terminal
effector YAP1 is modulated by STK38-mediated phosphorylation
of XPO1

Can our observations and model be generalized to several, if not all,

XPO1 cargoes? We tested this hypothesis on YAP1, a XPO1 cargo

[37] but also a STK38 substrate [6], where YAP1 phosphorylation

on S127 results in YAP1 nuclear exclusion. In addition, the nuclear/

cytoplasmic shuttling of YAP1 has been reported to depend on cell

density [38], while its nuclear export has been shown to depend on

XPO1 in human cells [39–41] and in Drosophila [42].

Consistent with reports [43], we found that YAP1 is excluded

from the nucleus at high cell density, while total YAP1 protein levels

remained unchanged (Appendix Fig S7B), and that XPO1 inhibition

prevented YAP1 nuclear exclusion at high cell density (Figs 7A and

◀ Figure 2. XPO1 activity is required for STK38 cytoplasmic accumulation and autophagy upon nutrient starvation.

A STK38 interacts with XPO1. HekRasV12 cells were transiently transfected with myc-STK38(wt) together with either Flag-XPO1(wt) plasmid or Flag-control
(ctrl = Sirt3) plasmid or without DNA. Twenty-four hours later, cells were incubated with okadaic acid (OA) (final concentration = 1 lM) for 1 h or with DMSO.
Flag fusions were pulled down, and co-immunoprecipitated proteins were analyzed by Western blotting (WB). The upper panel displays whole-cell lysates (WCL),
and the lower panel represents immunoprecipitated proteins.

B, C STK38 accumulates in the cytoplasm upon nutrient starvation in a XPO1-dependent manner. (B) HeLa cells were transfected with myc-STK38(wt) plasmid. The next
day, cells were incubated with DMEM or EBSS in the presence of XPO1 inhibitor KPT-185 or KPT-330 as indicated (final concentration = 1 lM) or DMSO for 4 h.
Cells were then fixed and stained for myc-tag. Representative images are shown, and scale bars are 40 lm. (C) Quantification of myc-STK38(wt) nuclear/
cytoplasmic staining (n > 30 cells from 3 independent experiments, mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001, Mann–Whitney test).

D, E XPO1 activity is required for nutrient starvation-induced autophagy. (D) Immunoblotting with the indicated antibodies of whole-cell lysates of cells in (B) and (C)
and its graphical representation (n = 3 independent experiments, mean � SEM; ***P < 0.001, ns, not significant, Student’s t-test). As expected, p62 degradation in
starvation conditions was inhibited in the presence of XPO1 inhibitors. (E) HeLa cells stably expressing the GFP-LC3-RFP-LC3DG reporter autophagic probe [26]
were incubated with DMEM or EBSS in the presence of XPO1 inhibitor KPT-185 or KPT-330 (final concentration = 1 lM) or DMSO for 4 h. The GFP-LC3 (degraded
upon autophagy) and RFP-LC3DG (non-degraded upon autophagy) signals were recorded by FACS analysis and are shown as a ratio recapitulating overall LC3 level
(n = 3 independent experiments, mean � SEM; *P < 0.05, **P < 0.01, ns, not significant, Mann–Whitney test). Here again, incubation with XPO1 inhibitors
significantly impaired the autophagy process (see Appendix Fig S2C and D for stable cell line validation).
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Figure 3. STK38 kinase activity is necessary and sufficient to induce its cytoplasmic relocalization and autophagy.

A, B STK38 kinase activity is required and sufficient for its cytoplasmic accumulation upon nutrient starvation. (A) HeLa cells silenced for endogenous STK38 were
transfected with myc-STK38(wt) expressing plasmid, myc-STK38(K118R) (STK38 kinase-dead version) plasmid, or HA-STK38(PIF) (STK38 constitutively active version)
plasmid. Twenty-four hours later, cells were incubated with DMEM or EBSS for 4 h, fixed, and stained for myc-tag or HA-tag. Representative images are shown,
and scale bars are 40 lm. (B) Graphical representation of tag-STK38 variant nuclear staining/cytoplasmic staining (n > 30 cells from three independent
experiments, mean � SEM; **P < 0.01, ***P < 0.001, ns, not significant, Mann–Whitney test).

C, D STK38 kinase activity is required and sufficient for nutrient starvation-induced autophagy. (C) HeLa cells stably expressing the GFP-LC3-RFP-LC3DG autophagic
probe [26] were transiently transfected with siRNA targeting the 30UTR region of endogenous STK38 (or with non-targeting siRNA (siNT)). The next day, cells were
transiently transfected with the indicated STK38 mutants expressing plasmids (identical to (A–B)). Twenty-four hours after plasmid transfection, cells were
incubated with DMEM or EBSS for 4 h. The GFP-LC3 (degraded upon autophagy) and RFP-LC3DG (non-degraded upon autophagy) signals were recorded by FACS
analysis and are shown as a ratio recapitulating overall LC3 level (n = 4 independent experiments, mean � SEM; *P < 0.05, ***P < 0.001, ns, not significant,
Mann–Whitney test). As published [8], depleting STK38 prevents autophagy to take place. This effect was partially reversed by expressing the wt ORF as well as
constitutively active STK38, whereas kinase-dead version failed to reproduce endogenous STK38 effect. Expression of constitutively active STK38 is sufficient to
induce a substantial change in the autophagic flux upon nutrient-rich conditions (see Appendix Fig S3A for STK38 replacement). (D) HeLa cells were transiently
transfected with siRNA targeting the 30UTR region of endogenous STK38 (or with non-targeting siRNA (siNT)) and then transiently transfected with the indicated
STK38 mutants expressing plasmids 48 h after. The next day, the cells were incubated with DMEM or EBSS for 4 h and overall p62 level was quantified for
autophagy estimation (see Appendix Fig S3B for blots) (n = 3 independent experiments, mean � SEM; ***P < 0.001, ns, not significant, Student’s t-test).
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Figure 4. STK38 is required for phosphorylation of XPO1 on Ser1055.

A–C STK38 is required for XPO1_S1055 phosphorylation. (A) HeLa cells were transiently transfected with the indicated siRNA and subjected to Flag-XPO1(wt) transient
transfection the following day. Forty-eight hours later, cells were incubated with okadaic acid (OA, final concentration = 1 lM) for 1 h or with DMSO.
Immunoblotting was performed on whole-cell lysates with the indicated antibodies. (B) Graphical representation of the phospho-S1055-XPO1 signal on total XPO1
(n = 3 independent experiments, mean � SEM; *P < 0.05, ns, not significant, Mann–Whitney test). As expected, XPO1 is phosphorylated on its Ser1055 upon OA
treatment but not when STK38 is silenced (see Appendix Fig S5 for antibody validation and STK38 silencing quantification). (C) STK38 kinase activity is required for
XPO1_S1055 phosphorylation. HekRasV12 cells silenced (or not) for endogenous STK38 were transfected with Flag-XPO1(wt) expression plasmid in addition to myc-
STK38(wt) or myc-STK38(K118R) (STK38 kinase-dead version) plasmids. The next day, cells were treated with 1 lM OA or with vehicle (DMSO) for 1 h. Flag fusions
were immunoprecipitated, and pulled-down proteins were analyzed by Western blotting. The upper panel displays immunoprecipitated proteins, and the lower
panel represents whole-cell lysates.
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EV5A). Interestingly, STK38 silencing (Appendix Fig S7A) pheno-

copied XPO1 inhibition on YAP1 subcellular localization at high cell

density (Figs 7A and EV5A), indicating that the nuclear exit of YAP1

is under the control of STK38 and XPO1.

As an independent approach, we analyzed YAP1 localization in

our modified HAP1 cells. YAP1 was excluded from the nucleus in

confluent wild-type HAP1 cells (Figs 7B and EV5B), while YAP1

protein level remained the same between experimental conditions

(Appendix Fig S7C). However, cells expressing XPO1(S1055A) failed

to induce YAP1 nuclear exclusion at high cell density, whereas cells

expressing phosphomimetic S1055 mutants (S1055D or S1055E)

induced YAP1 nuclear exclusion, even at low cell density (Figs 7B

and EV5B). These results suggest that the subcellular localization of

YAP1 can be regulated by phosphorylation of XPO1 by STK38 and

somehow support the extension (if not cargo-wide generalization)

of our model to several cargoes. Here again, a phosphomimetic

allele of XPO1 (S1055D) suppressed the impact of depletion of

STK38 on YAP1 nuclear export (Figs 7C and EV5C). The accumula-

tion of YAP1 in the cytoplasm is dependent on its binding to 14-3-3,

driven by phosphorylation of YAP1 on S127. Indeed, S127 of YAP1

is phosphorylated in our settings, but this phosphorylation is depen-

dent on LATS1/2 but not on STK38 (Appendix Fig S7E and F). This

result suggests that STK38 and LATS1/2 are mobilized for efficient

YAP1 nuclear exit: STK38 is needed to activate XPO1 for YAP1

nuclear export per se and LATS1/2 creates an effective 14-3-3 bind-

ing site that will sequester YAP1 in the cytoplasm.

Discussion

We have shown recently that the kinase STK38 is permissive for

nutrient starvation-induced autophagy [8] and for anoı̈kis resistance

of Ras-transformed cells [9], adding these functions to a long list of

functions where STK38 has been implicated. The STK38 kinase is a

core component of the Hippo pathway which controls cellular

processes such as stress response [7], cell cycle progression [2],

centrosome duplication [4], and NF-jB activation upon different

contexts [44,45].

For starvation-induced autophagy and the latter functions, which

partner mediates STK38’s action remains elusive: We sought to

identify these partners with special emphasis on starvation-induced

autophagy and anoı̈kis resistance. One underlying model would

postulate that STK38’s diversity of functions is carried by a diversity

of partners: function-specific partners and/or substrates phosphory-

lated by STK38. Our findings demonstrate that at least for starva-

tion-induced autophagy, Hippo regulation, centrosome duplication,

and NF-jB activation, one unique substrate of STK38 is the limiting

factor of these events, namely the nuclear exportin XPO1.

We found that STK38 phosphorylates XPO1 on its auto-inhibitory

domain and that phosphorylation of XPO1 on S1055 is important in

diverse cellular contexts for the nuclear export of crucial intracellu-

lar signal transducers such as Beclin1 and YAP1, as well as of

Centrin1 (Appendix Fig S8). In this regard, we hypothesize that

phosphorylation of S1055 by STK38 induces a change in XPO1

conformation in such a way that the C-terminal domain, which

hinders access to XPO1’s NES-binding pocket in its inactivated state,

relocates and frees the cargo binding site, allowing the binding of

the cargo to XPO1 for nuclear export (Appendix Fig S9).

The C-terminal end of XPO1 protein sequence is highly

conserved among all chordates (Appendix Fig S10), including the

S1055 site. However, the consensus STK38 HxRxxS/T phosphoryla-

tion motif appears only in simians but not in all other vertebrates

(including non-simian primates and all the usual model organisms

like mouse, xenopus, and zebrafish) which carry a HxLxxS/T motif.

The question raised by this observation is whether in these organ-

isms the response to these contexts is regulated by a STK38-like

kinase or another post-translational modification that would relieve

the auto-inhibition that locks XPO1 in an inactivated state.

The phenomena revealed by this work suggest also that the auto-

inhibition embedded within the structure of XPO1 is not anecdotic

but necessary for its proper function and responsiveness to physio-

logical clues. Once XPO1 gets inappropriately activated, it starts an

◀ Figure 5. XPO1_S1055 phosphorylation is required and sufficient for STK38 nuclear exit and autophagy upon nutrient starvation.

A Graphical representation of XPO1 protein. C528 to S amino acid mutation confers XPO1 resistance to both KPT-185 and KPT-330 chemical inhibitors [24]. S1055
amino acid corresponds to the phosphorylation target of the STK38. Finally, the DCter region is also highlighted corresponding to a XPO1 construct lacking the 39
C-terminal residues [35].

B, C XPO1_S1055 phosphorylation is required and sufficient for STK38 nuclear exit upon nutrient starvation. (B) HeLa cells were transiently transfected with myc-STK38
(wt) in addition to the indicated Flag-XPO1 mutant plasmids. Twenty-four hours later, cells were incubated with DMEM or EBSS for 4 h, both supplemented with
KPT-185 (final concentration = 1 lM) in order to inhibit endogenous XPO1 activity. Cells were then fixed and stained for Flag and myc tags. Only cells positive for
both Flag-XPO1 and myc-STK38(wt) were captured. Representative images are shown, and scale bars are 40 lm. (C) Graphical representation of myc-STK38(wt)
nuclear staining/cytoplasmic staining (n > 30 cells from three independent experiments, mean � SEM; ***P < 0.001, ns, not significant, Mann–Whitney test).
Expression of wt XPO1 failed to induce cytoplasmic localization of STK38 upon nutrient starvation in the presence of KPT-185 where C528S mutant recapitulates
results described in Fig 2B and C. Expression of phosphonegative XPO1 (S1055A) failed to induce STK38 cytoplasmic localization upon EBSS treatment while
phosphomimetic XPO1 (S1055D and S1055E) was sufficient to promote STK38 cytoplasmic localization without autophagic stimuli. Finally, expression of XPO1
lacking in its 39 C-terminal residues mimicked phosphomimetic variants.

D HAP1 cells carrying genomic XPO1 mutations of S1055 were subjected to IMDM (nutrient-rich medium) or EBSS (starvation) incubation for 4 h followed by
Western blot analysis for p62 level measurement. This result indicates that p62 degradation in starvation conditions was inhibited in XPO1_S1055A HAP1 cells
whereas p62 degradation was potentiated in both phosphomimetic variants (S1055D and S1055E) (n = 4 independent experiments, mean � SEM; *P < 0.05, ns,
not significant, Mann–Whitney test; see Fig EV3A for HAP1 genome-edited cell lines).

E HEK-HT-iRFP-LC3 cells were transiently transfected with siRNA targeting endogenous STK38 (or with non-targeting siRNA (siNT)). After 2 days, cells were
transiently transfected with the indicated Flag-XPO1 mutant plasmids. Twenty-four hours later, cells were incubated with DMEM or EBSS for 4 h, both
supplemented with KPT-185 (final concentration = 1 lM) in order to inhibit endogenous XPO1 activity and with chloroquine (final concentration = 10 lM). Cells
were then fixed, and the number of iRFP-LC3 dots per cell was recorded only in cells positive for Flag-XPO1 mutants (see Fig EV3B for representative images and
Appendix Fig S5B for STK38 silencing; n = 30 cells from two independent experiments). As expected, silencing of endogenous STK38 prevented the formation of LC3
dots upon starvation where introduction of phosphonegative XPO1 (S1055A) failed also to increase LC3 dots upon starvation. Interestingly, phosphomimetic XPO1
(S1055D) was sufficient to increase the number of LC3 dots even in complete and also STK38-depleted conditions.
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Figure 6. XPO1_S1055 phosphorylation is required and sufficient for Beclin1 nuclear exit upon nutrient starvation.

A XPO1 and STK38 are required for Beclin1 cytoplasmic accumulation upon nutrient starvation-induced autophagy. HeLa cells were transiently transfected with the
indicated siRNA (control and KPT conditions = siNT). Seventy-two hours later, cells were incubated with XPO1 inhibitor KPT-185 or KPT-330 as indicated (final
concentration = 1 lM) or with DMSO for all other conditions for 2 h prior to incubation with DMEM or EBSS supplemented (or not) with inhibitors for 2 h. Cells
were fixed and stained for endogenous Beclin1. Graphical representation of endogenous Beclin1 nuclear staining/cytoplasmic staining (n > 30 cells from three
independent experiments, mean � SEM; *P < 0.05, ***P < 0.001, ns, not significant, Mann–Whitney test). XPO1 activity inhibition by both KPT-185 and KPT-330 as
well as STK38 silencing failed to induce Beclin1 cytoplasmic accumulation upon nutrient starvation (see Fig EV4A for representative images, Appendix Fig S6A for
STK38 silencing, and Appendix Fig S6B for Beclin1 antibody validation).

B XPO1_S1055 phosphorylation is required and sufficient for Beclin1 nuclear exit upon nutrient starvation. Genome-edited XPO1 mutant HAP1 cells were incubated
with IMDM (complete) or EBSS (starvation) for 2 h. Cells were then fixed and stained for endogenous Beclin1. Graphical representation of endogenous Beclin1 nuclear
staining/cytoplasmic staining (n > 30 cells from three independent experiments, mean � SEM; ***P < 0.001, ns, not significant, Mann–Whitney test). Here,
phosphonegative XPO1 failed to induce Beclin1 cytoplasmic accumulation upon nutrient starvation, whereas phosphomimetic variants (S1055D and S1055E)
potentiated Beclin1 cytoplasmic accumulation (see Fig EV4B for representative images).

C Genome-edited XPO1 mutant HAP1 cells were transiently transfected with siRNA targeting endogenous STK38 (siSTK38#206 or with non-targeting siRNA (siNT)).
Seventy-two hours later, cells were incubated with IMDM (complete) or EBSS (starvation) for 2 h. Cells were then fixed and stained for endogenous Beclin1. Graphical
representation of endogenous Beclin1 nuclear staining/cytoplasmic staining (n = 30 cells from two independent experiments). Here, phosphomimetic XPO1 (S1055D)
potentiated Beclin1 cytoplasmic localization in both complete and starvation condition even in the absence of STK38 as compared to cells carrying wt XPO1 (see
Fig EV4C for representative images and Appendix Fig S6C for STK38 silencing).
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Figure 7. XPO1_S1055 phosphorylation is required and sufficient for YAP nuclear exit at high confluency.

A XPO1 and STK38 are required for YAP1 nuclear export at high confluence. A549 cells were transiently transfected with the indicated siRNA (control and KPT
conditions = siNT) at low or high confluency. Forty-eight hours later, cells were incubated overnight in the presence of XPO1 inhibitors KPT-185 and KPT-330 (final
concentration = 1 lM) or with DMSO for all other conditions. The next day, cells were fixed and stained for endogenous YAP1. Quantitative representation of YAP1
nuclear fluorescence intensity (n > 300 cells from three independent experiments, mean � SEM; ***P < 0.001, Mann–Whitney test). XPO1 activity inhibition by both
KPT-185 and KPT-330 as well as STK38 silencing failed to induce YAP1 nuclear exit at high confluence (see Fig EV5A for representative images and Appendix Fig S7A
for STK38 silencing).

B XPO1_S1055 phosphorylation is required and sufficient for YAP nuclear exit. Genome-edited XPO1 HAP1 cells were cultured for 2 days at low versus high confluency.
Cells were then fixed and stained for endogenous YAP1. Quantitative representation of YAP1 nuclear fluorescence intensity (n > 300 cells from 3 independent
experiments, mean � SEM; ***P < 0.001, Mann–Whitney test). Here, phosphonegative XPO1 failed to induce YAP nuclear exit at high confluence, whereas
phosphomimetic variants (S1055D and S1055E) potentiated YAP1 nuclear exit (see Fig EV5B for representative images).

C Genome-edited XPO1 mutant HAP1 cells were transiently transfected with siRNA targeting endogenous STK38 (siSTK38#206 or with non-targeting siRNA (siNT)) at
low or high confluence. Seventy-two hours later, cells were fixed and stained for endogenous YAP1. Quantitative representation of YAP1 nuclear fluorescence intensity
(n = 150 cells from two independent experiments). Here, phosphomimetic XPO1 (S1055D) potentiated YAP1 nuclear exit at both low and high confluences even in the
absence of STK38 as compared to cells carrying wt XPO1 (see Fig EV5C for representative images and Appendix Fig S7D for STK38 silencing).
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improper behavior disconnected of cell physiology. In rich medium,

it triggers early events of autophagy that are supposed to take place

only upon starvation. In contrast, in cells with the capacity to prolif-

erate, XPO1 kicks YAP1 out of the nucleus, while nuclear YAP1 is

an important pro-proliferative regulator.

Phosphorylation of XPO1 on S1055 by STK38 is important for the

nuclear export of XPO1 cargoes implicated in STK38-related func-

tions. This allows subtle cellular responses in a context-dependent

manner by modulating the nuclear export of crucial regulators.

Although we demonstrated here that Beclin1 and YAP1 are impor-

tant STK38-regulated XPO1 cargoes, it remains to be determined

how many cargoes are regulated by this mechanism, if it is strictly

circumscribed to STK38-related functions or if this activation mech-

anism can be generalized.

Pharmacological inhibition of XPO1 is a therapeutic approach

for the treatment of cancer [46]. Indeed, recently the first-in-class

XPO1 small-molecule oral inhibitor selinexor has been approved

for the treatment of patients with relapsed refractory multiple

myeloma. The role of XPO1 in cancer progression has been

evidenced by the identification of recurrent mutations (E571K) in

the hydrophobic cargo binding groove of XPO1 in chronic

lymphocytic leukemia and other B-cell malignancies that may

affect XPO1 activity [47]. Our results suggest that other mutations

in the C-terminal domain of XPO1 could also influence XPO1

activity. Whether such mutations could be found in human

tumors remains to be established as their influence on cancer

progression.

Materials and Methods

Antibodies

The following primary antibodies were used in the present study:

STK38 (H00011329-M11, Abnova, Mouse monoclonal), XPO1 (sc-

374124, Santa Cruz, Mouse monoclonal), YAP1 (sc-101199, Santa

Cruz, Mouse monoclonal), P-YAP1(S127) (4911, Cell Signaling,

Rabbit polyclonal), Beclin1 (for IF) (sc-10086, Santa Cruz, Goat

polyclonal), Beclin1 (for WB) (3738, Cell Signaling, Rabbit poly-

clonal), Flag (14793, Cell Signaling, Rabbit polyclonal), myc-tag

(2272, Cell Signaling, Rabbit polyclonal), LC3b (2775, Cell Signal-

ing, Rabbit polyclonal), IjBa (4814, Cell Signaling, Mouse mono-

clonal), ATG5 (2630, Cell Signaling, Rabbit polyclonal), LATS1

(3477, Cell Signaling, Rabbit monoclonal), LATS2 (5888, Cell Signal-

ing, Rabbit monoclonal), HA (11583816001, Roche, Mouse mono-

clonal), GAPDH (MAB374, Merck Millipore, Mouse monoclonal),

Actin (A2228, Sigma-Aldrich, Mouse monoclonal), p62/SQSTM1

(M162-3, MBL, Mouse monoclonal), and P-STK38(T444) (Rabbit

polyclonal) [48]. The anti-pS1055_XPO1 antibody (Davids Biotech-

nologie) was generated in guinea pigs immunized with specific

phosphopeptide mimicking phosphorylated XPO1 S1055. After puri-

fication of antibodies with the same phosphopeptide, non-specific

antibodies were eliminated using non-phosphopeptide.

Chemicals and reagents

Phenol–biotin was purchased from Iris Biotech (LS-3500 0250).

Streptavidin–HRP was purchased from Life Technologies (21126).

Both XPO1 inhibitors (KPT-185 (S7125) and KPT-330 (S7252)) were

purchased from Selleckchem. Okadaic acid was purchased from

Santa Cruz (78111). Chloroquine (C6628), H2O2 (H1009), Biotin

(B4501), and Flag M2 magnetic beads (M8823) were purchased

from Sigma-Aldrich. Streptavidin magnetic beads (88817) and

protein A magnetic beads (10001D) were purchased from Thermo.

Cell culture and drug treatments

Cells were cultured in humidified chambers at 37°C and 5% CO2.

HeLa [8], HEK293T (CRL-3216; ATCC), and A549 (CCL-185; ATCC)

cell lines were grown in DMEM (Gibco) supplemented with 10%

FBS (Biosera), 1% penicillin/streptomycin (Gibco), and with 1% L-

glutamine (Gibco). HEK-HT and HEK-HT-HRasG12V (HekRasV12)

cells were provided by Christopher Counter [11,12] and cultured in

DMEM supplemented with 100 lg/ml hygromycin and 400 lg/ml

geneticin for both of them and an additional 300 lg/ll Zeocin for

HekRasV12 cells. Cells stably expressing APEX-STK38 (pWZL-

APEX2-STK38; this work) were cultured in appropriate medium

supplemented with 10 lg/ml blasticidin. HeLa cells stably express-

ing the GFP-LC3-RFP-LC3DG autophagic flux probe (pMRX-IP-GFP-

LC3-RFP-LC3DG, 84572; Addgene) as well as HEK-HT-iRFP-LC3

cells [49] were cultured in the appropriate medium supplemented

with 1 lg/ml puromycin. HAP1 cell lines (C631; Horizon Discov-

ery) were grown in IMDM (Gibco) supplemented with 10% FBS

(Biosera), 1% penicillin/streptomycin (Gibco), and with 1% L-

glutamine (Gibco). Knock-in HAP1 cell lines expressing XPO1

mutants were cultured with the same media described above

supplemented with 1 lg/ml puromycin. All antibiotics were from

Invivogen.

For okadaic acid (OA) treatments, cells were cultured for 1 h

in the appropriate culture media supplemented with 1 lm okadaic

acid purchased from Santa Cruz. For EBSS-induced autophagy,

cells were grown in order to reach a maximum of 70% conflu-

ency. On the day of the experiment, cells were washed once with

PBS followed by incubation with growth medium (GM) or EBSS

(24010-43; Gibco) for 4 h as indicated. For chemical XPO1 inhibi-

tion, cells were cultured as indicated in the specific sections

with media supplemented with 1 lM of KPT-185 or KPT-330

(Selleckchem).

siRNA and DNA transfections

Cells were reversely transfected with siRNAs using Lipofectamine

RNAiMAX (Invitrogen) according to the manufacturer’s instruc-

tions. Seventy-two hours post-transfection, cells were harvested

as defined in the specific sections. For transient DNA transfection,

cells were seeded and then transfected the next day with a total

amount of 2 lg of DNA using jetPRIME reagent (Polyplus Trans-

fection) according to the manufacturer’s instructions. Forty-eight

hours post-transfection, cells were harvested as defined in the

specific sections. If both methods were used, the cells were rever-

sely transfected with siRNA as described above on the first day

and then transfected with DNA as described above the next day.

Cells were harvested 24 h after DNA transfection as defined

in the specific sections. pcDNA3-Myc-STK38(wt/K118R) and

pcDNA3-HA-STK38(PIF) expression plasmids were a gift from

Alex Hergovich [48], and pCIG3-3xFlag-XPO1(wt/mutants) were
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generated for this study. siControl ON-TARGETplus Non-targeting

siRNA (referred to as siNT) was purchased from Dharmacon (D-

001810-01-50; Dharmacon). The remaining siRNAs were purchased

from Eurogentec:

• STK38#3: 50-GAGCAGGUUGGCCACAUUCdTT-30

• STK38#206: 50-CGUCGGCCAUAAACAGCUAdTT-30

• ATG5: 50-AACCUUUGGCCUAAGAAGAAAdTT-30

• Beclin1: 50-ACCGACUUGUUCCUUACGGAAdTT-30

• LATS1: 50-AAACUUUGCCGAGGACCCGAAdTT-30

• LATS2: 50-GCCUUUGGAGAAGUGUGCCUUGCUdTT-30.

Generation of stable cell lines

HeLa and HekRasV12 cell lines stably expressing the APEX2-STK38

N-terminal fusion protein as well as the HeLa cells stably expressing

the GFP-LC3-RFP-LC3DG autophagic flux reporter probe [26] were

generated by retroviral transduction. For retroviral production,

HEK293T packaging cells were transfected with the retroviral vector

pWZL-APEX2-STK38 or with the pMRX-IP-GFP-LC3-RFP-LC3DG
retroviral vector (84572; Addgene) and the packaging plasmid

pcl10A1 (NBP2-29542; Novus) using FuGENE 6 (E2691; Promega)

according to the manufacturer’s instructions. Forty-eight hours after

transfection, supernatants were harvested, filtered through a 0.45-

lm filter, and added to the recipient cells in the presence of 4 lg/ml

polybrene (Sigma). Twenty-four hours post-transduction, cells were

harvested and seeded in fresh culture dishes and subsequently

selected with appropriate antibiotics for 1 week.

Following antibiotic selection, HeLa cells stably expressing the

GFP-LC3-RFP-LC3DG autophagic probe were subjected to clonal

selection. Briefly, cells were washed twice with PBS and incubated

with TrypLE Express (Gibco) according to the manufacturer’s

instructions and then resuspended in PBS supplemented with

25 mM HEPES (Gibco), 1 mM EDTA (Invitrogen), and 1% BSA

(Euromedex) previously filtered through a 0.45-lm filter. Cells posi-

tive for both GFP and RFP were then sorted individually on a BD

FACSAria III in a 96-well plate and incubated for several weeks with

DMEM supplemented with antibiotic selection (1 lg/ml puro-

mycin). One clone was chosen according to GFP and RFP expression

and cultured under antibiotic selection in order to use it for

experiments.

CRISPR/Cas9 genome editing, DNA extraction, and sequencing

Genome-edited HAP1 cell lines were generated using the CRISPaint

principle [50] and similarly as described before [51]. Briefly, cells

were transfected using TurboFectin 8.0 (Origene) according to the

manufacturer’s instructions with a plasmid encoding an sgRNA

targeting the C-terminus of XPO1 (50-GAGAGAAATAGCCCTACGGC-
30), a plasmid encoding SpCas9 and an sgRNA targeting the donor

plasmid (50-GCCAGTACCCAAAAAGCGCC-30), and a repair donor

plasmid. This repair plasmid contains the targeting site, the

sequence to restore the C-terminus of XPO1 with a silent mutation

upstream of the endogenous C-terminal PAM sequence, the desired

S1055 mutation, and 3xFLAG followed by a P2A-coupled puromycin

resistance gene to stably integrate the mutation in the last exon of

Xpo1 at its endogenous locus. Following transfection, cells were

incubated for 2 days and then selected over a period of 1 week with

1 lg/ml puromycin. Cells were harvested and plated at a density of

0.5 cells/well in 96-well plates in 20% FBS-containing medium to

obtain single-cell-derived colonies. Colonies were grown for 2–

4 weeks and were regularly screened.

When single-cell-derived colonies were sufficiently grown, cells

were washed and then lysed in Bradley lysis buffer at 56°C (10 mM

Tris–HCl (pH 7.5), 10 mM EDTA, 0.5% SDS, 10 mM NaCl, and 1 lg/ml

proteinase K). The genomic DNA was extracted from the lysate using

ethanol–salt precipitation and centrifugation. The C-terminus of

XPO1 was amplified by in–out PCR with the following primers: fwd:

50-CTCAAGTAAAGCTCTTTGTGACAGGGC-30; rv: 50-CAGCCATTC
TCGGGCCGATC-30. The PCR product was sequenced with the

reverse primer 50-GGAACGTCGTCTCTTGTAGC-30 by Sanger sequencing
for correct integration of the mutation (Macrogen).

SILAC

HeLa and HekRasV12 cell lines stably expressing the APEX2-STK38

construct were metabolically labeled with light or heavy isotopes of

arginine and lysine. Early passage of each cell was split on day 0

into two T25 flasks (Falcon). One flask was cultured in light SILAC

media consisting of DMEM deficient in L-lysine and L-arginine

(#89985; Thermo) that we supplemented with L-lysine (Lys0) and

L-arginine (Arg0) (L8662 and A8094, respectively; Sigma) at 146 and

84 mg/l, respectively; 10% FBS (Biosera); 1% Pen/Strep (Gibco);

and 1% glutamine (Gibco). The other flask was cultured in heavy

SILAC media as above except Lys0 and Arg0 that were replaced by

L-lysine-13C6,
15N2 (Lys8) and L-arginine-13C6,

15N4 (Arg10) (88209

and 89990, respectively; Thermo). Every 4 days, before cells

reached confluency, the heavy and light SILAC cultures were split

into fresh SILAC heavy and light media, respectively. After 8

passages, the heavy and light SILAC cultures were expanded in 10-

cm petri dishes and cultured for two more passages. When heavy

and light SILAC HeLa and HekRasV12 cells reached passage number

10, a fraction of each condition was sent to mass spectrometry anal-

ysis to confirm that amino acids have been well substituted by the

heavy or light ones.

Context-dependent proximity biotinylation assay

For the context-dependent proximity biotinylation assay (PBA),

we first induced the context in both heavy and light isotopic cell

lines stably expressing the APEX2-STK38 construct (autophagy for

Hela cells and suspension for HekRasV12 cells), then to proceed

to the proximity labeling and finally to purify biotinylated

proteins.

Light and heavy SILAC HeLa APEX2-STK38 cells were seeded in

10-cm petri dishes in order to obtain 80% confluence. On the day of

the experiment, cells were washed twice with PBS (Gibco) and then

incubated in the presence of DMEM for the light SILAC condition or

in the presence of EBSS (24010-043, Life Technologies) for the

heavy SILAC condition during 4 h. Light and heavy SILAC

HekRasV12 APEX2-STK38 cells were seeded to obtain 80% conflu-

ence the next day in attached (normal 10-cm petri dish growth

condition) for the light SILAC condition or in suspension (see

below) for the heavy SILAC condition and cultured overnight. For

suspension culture, cells were grown overnight in Ultra-Low Attach-

ment Surface 6-well plates or 10-cm dishes (Greiner) that were
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previously incubated in 0.02% pluronic acid-coated for 1 h at 37°C

followed by two washes with PBS.

On the day of the PBA, cells were pre-incubated for 30 min with

phenol–biotin (LS-3500 0250, Iris Biotech) at a concentration of

500 lM at 37°C before the addition of 1 mM of H2O2 (H1009;

Sigma) during 1 min at room temperature. The cells were immedi-

ately quenched by two following washes of PBS supplemented with

10 mM sodium azide (S2002; Sigma), 10 mM sodium ascorbate

(A7631; Sigma), and 5 mM Trolox (238813; Sigma) followed by two

washes of PBS (10 ml at each time) allowing the removal of the

phenol–biotin/H2O2 solution. Attached cells were then collected

using TrypLE Express (Gibco) as indicated by the manufacturer’s

instructions followed by centrifugation at 300 g during 5 min. Cell

pellets were then lysed on ice by adding 1 ml of freshly prepared

RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5%

sodium deoxycholate, 1% Triton X-100, 1× cOmplete EDTA-free

protease inhibitor cocktail (05892791001, Roche)) supplemented

with 1 mM PMSF, 10 mM sodium azide, 10 mM sodium ascorbate,

and 5 mM Trolox. Lysates were then incubated on tube rotator for

20 min at 4°C followed by centrifugation at 14,000 g for 10 min at

4°C. Supernatants were separated from pellets and then directly

flash-frozen in liquid nitrogen before being stored at �80°C.

Protein concentration was measured using the Pierce BCA protein

assay kit according to the manufacturer’s instructions (23225;

Thermo) with bovine serum albumin as standard, and the absor-

bance at 262 nm was recorded on a FLUOstar OPTIMA plate reader

(BMG Labtech).

Samples from the lysed SILAC cells were combined in a 1:1 ratio

(2 mg of total protein) as indicated in Fig EV1 for the autophagy

condition and incubated for 1 h at 4°C in the presence of protein A

magnetic beads (10001D, Thermo) on a tube rotor in order to

perform a pre-clear. Non-bound fractions were then incubated in

the presence of 500 ll of streptavidin magnetic beads (88817;

Thermo) previously washed as for the protein A magnetic beads

and then incubated for 1 h at 4°C on a tube rotor. Streptavidin

beads were then washed two times with 1 ml of the same lysis

buffer described above, one time with 1 ml of KCl 1 M, one time

with 1 ml of Na2CO3 0.1 M, one time with 1 ml of 2 M urea in

10 mM Tris–HCl pH 8.0, and then two times with lysis buffer.

Biotinylated proteins were then eluted by incubating the beads with

60 ll of 1× Laemmli sample buffer (1610747; Bio-Rad) supple-

mented with 50 mM DTT and 2 mM biotin (B4501; Sigma) and by

heating them at 95°C for 5 min.

Sample preparation and digestion

Immunoprecipitates were prepared as described above. After the

final elution in 1× reducing Laemmli buffer, the samples were

proceeded for digestion using the filter-assisted sample preparation

(FASP) method, performed essentially as described [52,53]. Briefly,

protein extracts were applied to 30-kDa MWCO centrifugal filter

units (Microcon; Millipore), mixed with UA buffer (8M urea,

100 mM Tris–HCl pH 8.9), and centrifuged. Alkylation was carried

out by incubation for 20 min in the dark with UA buffer containing

50 mM iodoacetamide. Filters were then washed twice with UA

buffer followed by two washes with ABC buffer (50 mM ammonium

bicarbonate). Finally, 1 lg of trypsin (Promega, France) was added

and digestion was achieved by overnight incubation at 37°C.

After recovery, peptides were subjected to the detergent removal

procedure using HiPPR (High Protein and Peptide Recovery) Deter-

gent Removal Resin from Thermo Fisher Scientific, as recommended

by the manufacturer. Briefly, the spin columns containing detergent

removal resin were centrifuged at 1,500 g for 1 min to remove the

storage buffer. The resin was washed three times by adding ABC

buffer and centrifuging at 1,500 g for 1 min. Samples were then

added to resin in a vol:vol ratio and incubated for 10 min at room

temperature. The spin columns were placed in a collection tube and

centrifuged at 1,500 g for 2 min to collect the detergent-free sample.

Peptides were vacuum-dried and resuspended in 10% acetonitrile

and 0.1% formic acid for LC-MS/MS.

Immunoprecipitates for the phosphoprotein analysis were run on

a precast 4–15% 1D SDS–PAGE gel. Gel bands at 120 kDa were

excised, washed, and dehydrated with 100% acetonitrile. Proteins

inside the gel were reduced, alkylated, and finally digested with

trypsin for 16 h at 37°C. Peptides were extracted with 50% acetoni-

trile and 1% trifluoroacetic acid followed by 100% acetonitrile.

Peptides were vacuum-dried and resuspended in 20 ll of 10%

acetonitrile and 0.1% trifluoroacetic acid for titanium dioxide purifi-

cation. Phosphopeptide enrichments by titanium dioxide were

carried out using Titansphere TiO2 Spin tips (3 mg/200 ll, Titan-
sphere PHOS-TiO; GL Sciences Inc., Japan) according to the manu-

facturer’s protocol. After phosphopeptide elution from the TiO2

Spin tips, GC Spin Tips (GL-Tip, Titansphere; GL Sciences Inc.,

Japan) were used to purify the phosphopeptides according to the

manufacturer’s instructions. Finally, phosphopeptides were eluted

with 70 ll of 80% acetonitrile and 0.1% TFA (1,000 g for 5 min)

and vacuum-dried.

Mass spectrometry

For each run, 1 ll was injected in a nanoRSLC-Q Exactive PLUS

(Dionex RSLC Ultimate 3000; Thermo Scientific, Waltham, MA,

USA). Extracted peptides were resuspended in 0.1% (v/v) trifluo-

roacetic acid and 10% acetonitrile and were loaded onto a

l-precolumn (Acclaim PepMap 100 C18, cartridge, 300 lm
i.d. × 5 mm, 5 lm; Dionex), followed by separation on the analyti-

cal 50-cm nanocolumn (0.075 mm ID, Acclaim PepMap 100, C18,

2 lm; Dionex). Chromatography solvents were (A) 0.1% formic

acid in water and (B) 80% acetonitrile and 0.08% formic acid.

Peptides were eluted from the column using a gradient from 5 to

40% B over 38 min and were analyzed by data-dependent MS/MS,

using the top-10 acquisition method. Briefly, the instrument settings

were as follows: Resolution was set to 70,000 for MS scans and

17,500 for the data-dependent MS/MS scans in order to increase the

speed. The MS AGC target was set to 3.106 counts with a maximum

injection time of 200 ms, while MS/MS AGC target was set to 1.105

with a maximum injection time of 120 ms. Dynamic exclusion was

set to 30 s. Each sample was analyzed in three to five biological

replicates. The mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium via the PRIDE [54]

partner repository with the dataset identifier PXD011968.

Peptide mixtures were also analyzed with a nanoElute UHPLC

(Bruker) coupled to a timsTOF Pro mass spectrometer (Bruker).

Peptides were first washed using a C18 PepMap 100 precolumn

(5 mm, 300 lm i.d., 100 Å, 5 lm; Thermo) with mobile phase A

(ACN 2%/FA 0.1%) before being separated on an analytical column
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RP-C18 Odyssey (25 cm, 75 lm i.d., 120 Å, 1.6 lm; IonOpticks) at

a flow rate of 400 nl/min, at 50°C, with mobile phases A (ACN 2%/

FA 0.1%) and B (ACN 99.9%/FA 0.1%). Elution gradient was run

from 2 to 35% B in 15 min and then from 35 to 95% B in 8 min.

MS acquisition was run in DDA mode with PASEF. Accumulation

time was set to 100 ms in the TIMS tunnel. Capillary voltage was

set to 1.4 kV, and mass ranged from 100 to 1,700 m/z in MS and

MS/MS. A collision energy stepping was applied during each TIMS-

MS/MS separation event: 51 ev for the first 19 ms, 47 ev from 19 to

38 ms, then 42 ev between 38 and 57 ms, further lowered to 37 eV

between 57 and 76 ms, and raised back to 42 ev between 76 and

95 ms. The quadrupole isolation width was 2 Th below 800 m/z,

and 3 Th otherwise. Dynamic exclusion was activated for ions

within 0.015 m/z and 0.015 V.s/cm2 and released after 0.4 min.

Exclusion was reconsidered if precursor ion intensity was 4 times

superior. Low-abundance precursors below the target value of

20,000 a.u. and intensity of 2,500 a.u. were selected several times

for PASEF-MS/MS until the target value was reached. Parent ion

selection was achieved by using a two-dimensional m/z and 1/k0

selection area filter allowing the exclusion of singly charged ions.

Total cycle time was 1.15 s with 10 PASEF cycles.

Data processing following LC-MS/MS acquisition

Raw MS files were processed with the MaxQuant software version

1.5.3.30 and searched with Andromeda search engine against the

Homo Sapiens UniProtKB/Swiss-Prot v.06/2016. To search parent

mass and fragment ions, we set an initial mass deviation of 4.5 ppm

and 20 ppm, respectively. The minimum peptide length was set to 7

amino acids and strict specificity for trypsin cleavage was required,

allowing up to two missed cleavage sites. Carbamidomethylation

(Cys) was set as fixed modification, whereas oxidation (Met) and

N-term acetylation were set as variable modifications. The false

discovery rates (FDRs) at the protein and peptide levels were set to

1%. Scores were calculated in MaxQuant as described previously

[55]. The reverse and common contaminant hits were removed

from MaxQuant output. Proteins were quantified on parent ions,

selecting multiplicity “2” for standard quantification in SILAC; the

heavy label was Arg10 and Lys8, while the light label corresponded

to non-labeled Arg and Lys. The maximum value of labeled amino

acids per peptide was set to 3. Protein quantification was obtained

using at least 2 peptides ration counts per protein.

Three biological replicates were analyzed for each condition

studied. Statistical analysis was performed with Perseus software

(version 1.5.5.3) freely available at www.perseus-framework.org.

The matrix was filtered to keep proteins quantified at least three

times in at least one condition. Statistical analysis was performed on

each condition (group of three biological replicates) by one-sample

test against the value 1, and we retained the proteins significative

according to t-test (S0 = 1, P-value < 0.05). Subsequently, we

applied a personalized priority scoring in order to highlight the

proteins that were changing the most and more significant priority

score = (1∕P-value × (<ratio > �1)2).

Mascot search engine (version 2.2.07; Matrix Science) was used

to identify the phosphorylated XPO1. Default parameters used were

as follows: Fixed modification (Carbamidomethyl (C)) and variable

modification (Oxidation (M)) were allowed as well as Phospho

(STY) and Gln->pyro-Glu (N-term Q) with one missed cleavage.

Enzyme was trypsin, monoisotopic peptide mass tolerance

was � 5 ppm (after linear recalibration), and fragment mass toler-

ance was � 0.05 Da.

Western blot

After the indicated treatments, cells were washed with ice-cold PBS

and lysed at 4°C in freshly made lysis buffer (20 mM Tris–HCl

pH = 8, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM

EDTA, 1 mM PMSF, 50 mM NaF, 1 mM DTT, 1 mM Na3VO4,

protease inhibitor cocktail). Lysates were incubated for 20 min at

4°C on a rotary wheel and then subjected to centrifugation at

13,000 g for 10 min at 4°C. Sample supernatants were resuspended

in Laemmli buffer (2% SDS, 60 mM Tris–HCl pH = 6.8, 10% glyc-

erol, 100 mM DTT, and 0.005% bromophenol blue) followed by

boiling at 95°C for 5 min. An equal amount of protein was run on

NuPAGE precast gradient SDS–PAGE gels (Life technologies). After

protein separation by electrophoresis, proteins were transferred on a

0.2-lm nitrocellulose transfer membrane (GE Healthcare). Non-

specific sites were blocked for 1 h in TBS–Tween (TBST) 0.2% with

5% BSA at room temperature. Membranes were then incubated

overnight at 4°C under gentle agitation with appropriate primary

antibodies diluted in TBST–BSA 5%. The next day, membranes

were washed 3 times with TBST at room temperature (RT) and incu-

bated with appropriate secondary antibodies for 1 h at RT under

gentle agitation prior to washes as described before. Luminescent

signal was visualized and recorded with the enhanced chemilumi-

nescence method (Western Lightning Plus-ECL; PerkinElmer) using

horseradish peroxidase (HRP)-conjugated secondary antibodies

(Jackson ImmunoResearch) followed by image acquisition using a

ChemiDoc MP imaging system (Bio-Rad) or with the LI-COR

Odyssey Infrared Imaging System (LI-COR Biosciences) using

IRDye-conjugated secondary antibodies.

Immunoprecipitations

For immunoprecipitation experiments, cells were grown in 10-cm

petri dishes in order to reach 80% confluency on the day of the

experiment. After the indicated treatments, cells were washed with

ice-cold PBS and lysed at 4°C using the same lysis buffer as

described in the Western Blot section. Lysates were incubated for

20 min at 4°C on a rotary wheel and then subjected to centrifuga-

tion at 13,000 g for 10 min at 4°C. Supernatant was then incubated

for 1 h at 4°C in the presence of protein A magnetic beads (10001D;

Thermo) on a tube rotor in order to perform a pre-clear. Non-bound

fractions were then incubated in the presence of anti-Flag M2

magnetic beads (M8823; Sigma) for 1 h at 4°C on a tube rotor.

Magnetic beads were then washed two times with the same lysis

buffer, one time with high-salt lysis buffer (300 mM NaCl) and one

time with normal lysis buffer. Magnetic beads were then resus-

pended in Laemmli buffer and then heated at 95°C for 5 min for

elution.

Flow cytometry

To determine the autophagic flux in HeLa GFP-LC3-RFP-LC3DG
cells, cells were seeded in 96-well view plate (PerkinElmer) in order

to reach 80% confluence on the day of acquisition. Cells were
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subjected to treatment as indicated and described above. Cells were

resuspended using phenol red lacking trypsin–EDTA (59418C;

Sigma) prior to being quenched using Defined Trypsin Inhibitor

(R007100; Thermo). All data were acquired on a CytoFLEX (Beck-

man Coulter) and analyzed using FlowJo (LLC).

Immunofluorescence and image analysis

Cells were grown on coverslips, washed twice in PBS, fixed with

4% paraformaldehyde for 5 min at room temperature (RT) followed

by three washes in PBS, and then quenched with 50 mM NH4Cl in

PBS for 15 min at RT. After three PBS washes, if labeling using

primary antibody was performed, fixed cells were permeabilized in

0.1% Triton X-100 in PBS for 10 min at RT followed by three

washes in PBS and then blocked in 5% BSA and 10% FBS in PBS

for 30 min at RT. Cells were subsequently incubated for 1 h at RT

with primary antibodies diluted in blocking buffer. After three

washes in PBS, cells were incubated with secondary antibodies

diluted in blocking buffer for 1 h at RT followed by three washes in

PBS. Coverslips were dried and then mounted with ProLongTM Gold

Antifade Mountant with DAPI (P36941; Thermo). Images were

acquired on a Zeiss Axioplan 2 microscope through a CoolSNAP

HQ2 camera (Photometrics) under the control of MetaMorph soft-

ware (Universal Imaging). Cells were selected for acquisition if they

were positive for all staining.

Image processing was performed using ImageJ software (NIH).

For nucleo-/cytoplasmic ratio, the fluorescent signal was quantified

in the nuclear and cytosolic compartments. The nucleus was identi-

fied by DAPI staining and the cell area by thresholding the back-

ground. The cytosolic area was determined by subtracting the

nuclear compartment to the cell compartment. The ratio was

obtained by dividing the mean of fluorescence in the cytosolic area

by the mean of fluorescence in the nuclear one. For LC3 dot assay,

dots were recorded using the iRFP channel. After background

subtraction, the number of iRFP-LC3 dots per cell was calculated.

For YAP1 nuclear intensity, the mean of fluorescence intensity was

calculated only in the nuclear area identified by the DAPI staining.

Snapshots of live cells: centrosomes

For centrosome experiment, HeLa cells stably expressing GFP-Centrin

were cultured on glass-bottom 6-well plates (MatTek) and incubated

with the siRNAs or drugs as indicated in the figure legend. On the day

of the experiment, the GFP signal was recorded using a Zeiss AxioOb-

server Z1 microscope through a Hamamatsu Flash4 camera under the

control of MetaMorph software (Universal Imaging). The number of

centrosomes was counted manually on Z-stack images by counting

the number of centrosomes (Centrin “spots”) without differentiating

unique separated centrioles in the G1 phase from separated centro-

somes (harboring 2 centrioles each) in the S/G2 phase. Image

processing was performed using ImageJ software (NIH).

Bioinformatics and statistical analysis

Heatmap of STK38 interactor association fold was generated using

the online tool Morpheus from the Broad Institute (https://softwa

re.broadinstitute.org/morpheus). Rows and columns were clus-

tered using the hierarchal clustering tool in Morpheus by the one-

minus-Pearson correlation matrix and the average linking method.

Enrichment analysis was performed using Gene Ontology (David

Bioinformatics) website (http://www.geneontology.org/) for enriched

terms as cellular components in Homo sapiens. The 10 most

enriched terms according to their adjusted P-value were plotted.

Adjusted P-value was calculated using the Bonferroni correction for

multiple testing. Correlogram was generated using the “corrplot”

package in R.

Statistical significance was quantified by P-values using

GraphPad Prism v5.0 software. Student’s t-test was used if data

followed normal distribution; otherwise, the Mann–Whitney test

was used. All tests performed were two-sided. For all tests, dif-

ferences were considered statistically significant when P-values were

below 0.05 (*), 0.01 (**), or 0.001 (***). In the figures, P-values are

indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001; and ns,

not significant. Graphs represent mean � standard error of the mean

(SEM).

Protein sequence alignment

Protein sequences were retrieved from UniProt (https://www.

uniprot.org/) as FASTA files, aligned in msa R package {https://doi.

org/10.1093/bioinformatics/btv494} using the Clustal Omega

method {https://doi.org/10.1038/msb.2011.75} with default param-

eters. The following sequences were used: Human: O14980 (Homo

sapiens); Chimpanzee: H2R0K9 (Pan troglodytes); Gibbon: G1RF15

(Nomascus leucogenys); Cercocebus: A0A2K5LXU0 (Cercocebus atys);

Drill: A0A2K5YJR1 (Mandrillus leucophaeus); Colobus: A0A2K5I3H1

(Colobus angolensis); Capuchin: A0A2K5SFU2 (Cebus capucinus);

Saimiri: A0A2K6UYF0 (Saimiri boliviensis); Tarsier: A0A1U7TKR2

(Tarsius syrichta); Sifaka: A0A2K6G794 (Propithecus coquereli);

Galago: H0WFU2 (Otolemur garnettii); Rabbit: G1SMY6 (Oryctola-

gus cuniculus); Beaver: A0A250Y6Q4 (Castor canadensis);

Guinea_pig: A0A286XB55 (Cavia porcellus); Mole_rat: A0A0P6K7E8

(Heterocephalus glaber); Hamster: A0A1U7QPJ1 (Mesocricetus aura-

tus); Mouse: Q6P5F9 (Mus musculus); Rat: Q80U96 (Rattus norvegi-

cus); Ground_squirrel: A0A287CSQ9 (Ictidomys tridecemlineatus);

Tupaia: L9KQ84 (Tupaia chinensis); Panda: D2HZX2 (Ailuropoda

melanoleuca); Dog: E2R9K4 (Canis lupus); Horse: F6S8L9 (Equus

caballus); Sheep: W5QG19 (Ovis aries); Pig: A0A218PI30 (Sus

scrofa); Bat: G1PGH6 (Myotis lucifugus); Hedgehog: A0A1S3ARI2

(Erinaceus europaeus); Manatee: A0A2Y9RGB7 (Trichechus mana-

tus); Elephant: G3TDG6 (Loxodonta africana); Tasman_devil:

G3WCI2 (Sarcophilus harrisii); Opossum: F7EIW1 (Monodelphis

domestica); Platypus: F7DTN5 (Ornithorhynchus anatinus);

Chicken: A0A1D5P8H7 (Gallus gallus); Owl: A0A093FS26 (Tyto

alba); Alligator: A0A1U7RM64 (Alligator sinensis); Green_turtle:

M7B3V0 (Chelonia mydas); Copperhead: A0A1W7RHI2 (Agkistrodon

contortrix); Anole_lizard: H9G6E3 (Anolis carolinensis); Xenopus:

A0A1L8G775 (Xenopus laevis); Salmon: A0A1S3PKN6 (Salmo

salar); Zebrafish: E7FBU7 (Danio rerio); Gar: W5NGS6 (Lepisosteus

oculatus); Catfish: W5UJN6 (Ictalurus punctatus); Latimeria:

H3BFQ8 (Latimeria chalumnae); Ghostshark: V9K8G4 (Callor-

hinchus milii); Lamprey: S4R883 (Petromyzon marinus); Ascidia:

A0A1W3JKJ9 (Ciona intestinalis); Octopus: A0A0L8GCW5 (Octopus

bimaculoides); Sea_cucumber: A0A2G8LJC7 (Stichopus japonicus);

Lingula: A0A1S3IRI2 (Lingula unguis); Slug: A0A0B7BCQ8 (Arion

vulgaris); Leech: T1FP79 (Helobdella robusta); C_elegans: Q23089
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(Caenorhabditis elegans); Flour_beetle: D6X0Q6 (Tribolium casta-

neum); Black_ant: A0A0J7KFR1 (Lasius niger); Honeybee:

A0A087ZMS1 (Apis mellifera); Drosophila: A0A0S0WNN6 (Droso-

phila melanogaster); Crab: A0A0P4WHK7 (Scylla olivacea); Ixodes:

V5I1V1 (Ixodes ricinus); Dictyostelium: Q54EV7 (Dictyostelium

discoideum); Arabidopsis: Q9SMV6 (Arabidopsis thaliana); Baker-

s_yeast: P30822 (Saccharomyces cerevisiae); and Fission_yeast:

P14068 (Schizosaccharomyces pombe).

Data availability

The SILAC and APEX2 mass spectrometry proteomic data from this

study have been deposited to the ProteomeXchange-PRIDE reposi-

tory (https://www.ebi.ac.uk/pride/archive/) and assigned the

dataset number PXD011968.

Expanded View for this article is available online.
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