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ABSTRACT

Macroautophagy/autophagy plays key roles in development, oncogenesis, and cardiovascular and
metabolic diseases. Autophagy-specific class Ill phosphatidylinositol 3-kinase complex | (PtdIns3K-C1)
is essential for autophagosome formation. However, the regulation of this complex formation requires
further investigation. Here, we discovered that STYK1 (serine/threonine/tyrosine kinase 1), a member of
the receptor tyrosine kinases (RTKs) family, is a new upstream regulator of autophagy. We discovered
that STYK]1 facilitated autophagosome formation in human cells and zebrafish, which was characterized
by elevated LC3-Il and lowered SQSTM1/p62 levels and increased puncta formation by several marker
proteins, such as ATG14, WIPI1, and ZFYVE1. Moreover, we observed that STYK1 directly binds to the
PtdIns3K-C1 complex as a homodimer. The binding with this complex was promoted by Tyr191
phosphorylation, by means of which the kinase activity of STYK1 was elevated. We also demonstrated
that STYK1 elevated the serine phosphorylation of BECN1, thereby decreasing the interaction between
BECN1 and BCL2. Furthermore, we found that STYK1 preferentially facilitated the assembly of the
Ptdins3K-C1 complex and was required for Ptdins3K-C1 complex kinase activity. Taken together, our
findings provide new insights into autophagy induction and reveal evidence of novel crosstalk between
the components of RTK signaling and autophagy.
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Introduction autophagosomes and digested in lysosomes by acidic hydrolases
[1]. The large capacity of the autophagosomes enables the
removal of damaged organelles and protein aggregates, thus
maintaining organelle function and protein quality [2]. To
date, more than 41 yeast-specific, autophagy-related (ATG)
genes have been identified [3]. Their roles in autophagy, espe-
cially in the early stages of autophagosome formation, which is
considered the most complex stage, have been reported [4]. In

Cellular homeostasis is important for preventing cellular injuries
that could lead to impaired cellular function and malignant
transformation. Macroautophagy/autophagy, a crucial mechan-
ism for cellular homeostasis, is an evolutionarily conserved
intracellular degradation process from yeast to mammals.

Cytosolic proteins and organelles are engulfed into
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particular, autophagy is activated during metabolic stress and is
important for the survival of eukaryotic cells under various
pathological conditions, such as tumorigenesis and infection
[5]. Therefore, therapeutic approaches that target and intervene
in autophagy are considered promising for treating pathological
cellular functions, such as oncogenesis and cancer therapy resis-
tance, as well as cardiovascular, metabolic, and neurodegenera-
tive disorders [6,7]. Indeed, a January 2019 search of the
ClinicalTrials.gov website using the search term “Autophagy”
returned hits on 52 studies focused on intervening in autophagy
to improve patient outcomes. The key to improving the manage-
ment of these pathophysiological disorders is the identification
and characterization of the potential drug targets among the
regulators of autophagy.

Class III phosphatidylinositol 3-kinase (PtdIns3K) is
important in both the initiation of autophagosomal parti-
cles and their eventual fusion with lysosomes [1]. PtdIns3K
forms at least 2 distinct complexes, known as autophagy-
specific complex I (PtdIns3K-C1) and II (PtdIns3K-C2).
Both complexes contain the catalytic subunit PIK3C3/
VPS34, the putative protein kinase PIK3R4/VPS15 and
BECN1/Beclin 1. The PtdIns3K-C1 complex contains
ATG14, whereas PtdIns3K-C2 contains UVRAG (UV radia-
tion resistance associated) [8]. The PtdIns3K-C1 complex
plays a central role in the initiation stage of autophagy,
which is regulated by AMPK activation or MTOR inhibi-
tion in response to nutrient depletion [9-11]. Briefly, upon
binding with BECN1 and ATGI14, PIK3C3 generates
a phagophore-specific pool of phosphatidylinositol-3-phos-
phate (PtdIns3P), leading to the nucleation of the phago-
phore. The PtdIns3K-C1 complex then recruits other
autophagy-related  proteins and  autophagy-specific
PtdIns3P effectors, such as the ZFYVE1 (zinc finger FYVE-
type containing 1) and WIPI1 (WD repeat domain, phos-
phoinositide interacting 1) proteins [12] for autophagy
initiation. Many other BECN1-PIK3C3 interaction partners
and their regulatory functions in autophagy have been
characterized in recent years [13,14], and they represent
an increasing number of potentially druggable targets. For
example, through binding to the BH3 domain of BECNI,
BCL2 facilitates BECNI1 release from the PtdIns3K-C1 com-
plex and, in turn, inhibits the activity of autophagy [13].
This process is inhibited after the phosphorylation of BCL2
at Thr69 and Ser70/87 by MAPKS8/JNK1 (mitogen-activated
protein kinase 8) in response to starvation [15]. RUBCN
contributes to the efficient inhibition of the lipid kinase
activity of the PtdIns3K-C2 complex through direct inter-
action with PIK3C3 via its RUN domain, which is post-
transcriptionally upregulated by supplementation with the
saturated fatty acid palmitate [14].

Moreover, DACTI1/Dapperl plays a critical role in
PtdIns3K-C1 complex promoted autophagy in the central
nervous system [16]. In addition, based on the current under-
standing of the PtdIns3K-C1 complex structure in yeast [17],
more subunits of the complex have been identified, such as
NRBEF2, which mediates the PtdIns3K-C1 complex dimeriza-
tion through its central coiled-coil domain, and enhances the
lipid kinase activity of PIK3C3 by approximately 10-fold
[18,19]. Additionally, PAQR3 (progestin and adipoQ receptor
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family member 3) was recently identified as an receptor of the
PtdIns3K-C1 complex and a promoter of autophagosome
formation, which is activated through phosphorylation at
Thr32 by AMPK in response to nutrient starvation [20].

STYK1 (serine/threonine/tyrosine kinase 1), also called
NOK, is a newly identified oncogenic protein that belongs
to the receptor tyrosine kinase (RTK) family. Similar to other
RTK members, STYK1 contains a single transmembrane
domain and an intracellular tyrosine kinase domain, but an
almost completely truncated extracellular N-terminal domain
[21]. STYKI has been reported to promote cervical cancer and
the development and metastasis of hepatocellular carcinoma
[21,22] and facilitate the genesis and remodeling of blood and
lymphatic vessels during tumor progression [23]. A mutation
in the Tyr327 or Tyr356 residue of the STYK1 kinase domain
to phenylalanine (STYK1Y*?%¥3*F) reduces tyrosine phos-
phorylation levels and dramatically suppresses tumor progres-
sion [24]. However, the mechanisms by which STYKI
regulates tumor progression and other biological processes
remain largely unclear.

In the present study, by investigating several autophagy
markers and events in several tumor cell lines and zebrafish,
we identified STYK1 as a novel positive regulator of autop-
hagy. Moreover, we revealed the existence of an interaction
between STYK1 and PtdIns3K-C1 complex via confocal
microscopy and GST-affinity-isolation assays. Furthermore,
our study revealed that the tyrosine kinase activity of STYK1
plays an essential role in autophagy induction. Finally, we
identified that Tyr191 is important for STYK1 dimerization
and the assembly of the PtdIns3K-C1 complex. Collectively,
these results provide new insights into and evidence for the
STYKI1 as a regulator of autophagy.

Results
STYK1 depletion impairs autophagy flux

The molecular mechanism of STYK1 that promotes cancer
oncogenesis and metastasis remain elusive. To better
understand the role of STYKI in cancer development,
gene set enrichment analysis (GSEA) was used with The
Cancer Genome Atlas (TCGA) database of liver cancer to
analyze differences in the genes that are enriched in
patients with high and low levels of STYKI. The results
indicate that many genes that correlated with metabolism
were enriched in the group that expressing high levels of
STYK1 (Fig. S1A-E), suggesting a metabolic function of
STYK1 in tumor development. Moreover, we noticed that
the genes involved in autophagy, from which diverse
metabolic fuel sources can be produced [25], were also co-
expressed with STYK1 (Figure 1A). Next, we set out to
explore the role of STYKI in autophagy. Thus, we first
examined the effect of STYKI depletion with siRNA
knockdown in HepG2 and HeLa tumor cells, which endo-
genously express high levels of STYK1 (Fig. S2A) on the
level of MAP1LC3/LC3 and SQSTM1/p62, the most com-
monly used autophagic flux markers for autophagosome
formation [26]. We found that LC3-II levels were signifi-
cantly reduced and SQSTMI1 levels were increased in
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Figure 1. STYK1 depletion impairs autophagy flux. (A) Many genes correlated with autophagy are enriched in liver cancer patients who express high levels of STYK1
expression, as determined by gene set enrichment analysis (GSEA) using the TCGA database. (B) HepG2 cells were transfected with STYK7-specific siRNA for 36 h; the
cells were then treated with rapamycin (10 nM) with or without CQ (10 uM) treatment for another 12 h. Then, the cell lysates were sent to western blotting using
indicated antibodies. (C) Hela cells were transfected with STYKT siRNA (hereafter referred to as siRNA#2) for 36 h. Then, the complete cell culture medium was
replaced with serum-free low glucose (1000 mg/L) medium. After another 12 h, the cells were lysed and sent to western blotting using indicated antibodies. (D-E)
Autophagic flux was detected with the mRFP-GFP-LC3 reporters. STYKT siRNA and scramble RNA were separately co-transfected with mRFP-GFP-LC3 under both
normal and serum starvation conditions along with or without CQ (10 pM) treatment. Representative confocal images are shown, and the number of cells showing an
accumulation of yellow or red puncta was quantified (n = 10). Scale bars: 10 um. (F-G) Representative electronic micrographs of the autophagosomes or the
autolysosomes of the HepG2 cells transfected with STYK7 siRNA with or without CQ (10 pM) treatment. Red arrows indicate autophagic structures. The number of
autophagic structures per area was quantified (n = 10). Scale bars: 2 pm. (H-I) styk7b-mutated GFP-Lc3 transgenic zebrafish were generated using CRISPR-Cas9
technology, and representative confocal images of the GFP-Lc3 puncta in the defined region of the tail fin of the zebrafish embryos are shown. The white square
indicates the defined region. The fold change of the number of GFP-Lc3 puncta was quantified (n = 10). (J) Western blotting analysis of the whole lysates of normal
and styk1b mutant zebrafish embryos with the indicated antibodies. Four dpf of embryos were isolated for protein preparation, (10 > embryos/samples). *P < 0.05;
**P < 0.01; ***P < 0.001. Data are presented as mean + SD.



STYK1-depleted HepG2 cells (Fig. S2B). We also found
that STYK1 knockdown suppressed LC3-II levels in the
presence or absence of the autophagy inducer rapamycin
and with or without the lysosomal inhibitor chloroquine
(CQ), whereas it had the opposite effect on SQSTM1 levels
(Figure 1B, S2C-E). Similar results were obtained under
both normal and serum starvation conditions, the latter of
which is known to induce autophagy [27] (Figure 1C).

Furthermore, the levels of ubiquitinated protein were
increased after STYK1 knockdown (Fig. S2F). As GFP-LC3
puncta were also used to assess autophagosome formation,
we carried out immunofluorescence experiments in Hela
cells and found that serum starvation or treatment with CQ
substantially increased GFP-LC3 puncta formation, while the
number of GFP-LC3 puncta was significantly reduced after
STYK1 knockdown (Fig. S2G). We further detected the effect
of STYK1 knockdown on the autophagic flux with the
mRFP-GFP-LC3 tandem reporter, which enables observa-
tions of the differences between autophagosomes (GFP-
positive/RFP-positive, yellow puncta) and autolysosomes
(GFP-negative/RFP-positive, red puncta) [28]. We found
that STYK1 depletion inhibited the generation of autophago-
somes and autolysosomes under both normal and serum
starvation conditions either with or without CQ treatment
(Figure 1D,E). By utilizing transmission electron micro-
scopy, we observed a significant decrease in autophagic
vacuoles in the STYK1-depleted HepG2 cells (Figure 1F,G),
confirming that STYK1 mediates the formation of autopha-
gic vacuoles. These findings show that STYKI is a positive
regulator of autophagy and is required for autophagosome
formation.

Next, we investigated whether STYKI functions in the
regulation of autophagy in vivo. We utilized the zebrafish
Tg (CMV: GFP-Lc3) autophagy reporter line to demon-
strate the role of Stykl in autophagy [29]. We used
CRISPR/Cas9 genome editing technology to generate
styklb mutant zebrafish embryos or larvae. We designed
short guide RNAs for targeting sites at the beginning of
the coding exons 2 and 3 of the styklb gene
(ENSDART00000139664.1 styk1-001), which are upstream
of the exons that encode the functional transmembrane
domain regions. The predicted effect of the CRISPR muta-
tion indicated a complete loss of Styklb protein function
or depletion (Fig. S2H). A mixture of sgRNA and Cas9
protein was injected into zebrafish embryos at the one-cell
stage, and the effect of the CRISPR/Cas9 was verified by
Sanger sequencing (Fig. S2I). The mRNA levels of styklb
were significantly decreased (Fig. S2J). We imaged the
GFP-Lc3 puncta signals in vivo and performed western
blotting detection on whole embryo extracts to detect
Lc3 and Sqstml. The results indicated that the styklb
mutation significantly decreased the GFP-LC3 puncta in
zebrafish embryos at 4 d post-fertilization (dpf) (Figure
1H,I). We further found that the Lc3 levels decreased and
Sgstm1 levels increased in the styklb mutant zebrafish,
which is consistent with the GFP-Lc3 puncta results
(Figure 1] and S1K).

We next examined whether STYKI regulates the initial
steps of vesicle nucleation during which PtdIns3P is
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generated by the activated PtdIns3K-Cl1 complex. For
this, we quantified the number of autophagic structures
as indicated by the levels of ATG14 and ULK1, which are
recruited to the phagophore assembly site and contribute
to early stage autophagosome formation. The number of
ATG14 and ULKI puncta dramatically decreased with or
without serum starvation in STYK1 knockdown HeLa cells
(Figure 2A-D). Collectively, these results indicate that
STYK1 depletion impairs autophagy initiation both
in vivo and in vitro.

STYK1 promotes autophagy without altering MTOR or
AMPK signaling

Next, we utilized STYK1 overexpression to further verify the
effects of STYK1 on autophagy. For this, we transfected HeLa
cells with Flag-STYKI and monitored GFP-LC3 puncta. We
found that STYK1 overexpression significantly increased the
number of GFP-LC3 puncta and western blotting revealed
that LC3-II levels significantly increased in the background
of STYK1 overexpression in both HeLa and MCE-7 cells,
whereas the SQSTMI1 levels were significantly decreased
(Fig. S3A and B). MTOR activity is known to inhibit autop-
hagy through the phosphorylation of ULK1 and ATGI13
[9,10], while AMPK stimulates autophagy by directly phos-
phorylating ULK1 and BECNI [10,30,31]. We investigated
whether STYK1 promotes autophagy through the regulation
of MTOR or AMPK, or through a pathway that is indepen-
dent of any of the two pathways. The results indicated that
STYK1 overexpression in both HeLa and MCF-7 cells led to
a slight increase in the phosphorylation of EIF4EBP1, which
indicating increased activity of MTORCI, however, with con-
sistently elevated LC3-II levels in either the presence or
absence of torinl and/or rapamycin, two structurally distinct
compounds that inhibit MTOR activity (Figure 2E,F). These
results indicated that another pathway can reverse the inhibi-
tory effects of MTOR on autophagy. Next, we assessed
whether STYK1 can regulate AMPK activity by assessing the
level of PRKAA/AMPKa phosphorylation at Thr172 [32] and
by measuring the phosphorylation levels of the AMPK sub-
strate ULK1 (phosphorylated at Ser317 [33]). We found that
STYK1 overexpression in HeLa and MCEF-7 cells did not lead
to altered PRKAA and ULKI1 phosphorylation levels in the
presence of the AMPK activator, H,O, or Earle’s balanced salt
solution (EBSS) or under normal or serum-free starvation
conditions. However, the effects of STYK1 and AMPK activa-
tion on LC3-II and SQSTM1 were both as expected (Figure
2G, H and S3C). It was also shown that knockdown of STYK1
inhibited H,O,-induced LC3-II accumulation, even in the
presence of compound C, an inhibitor of AMPK (Figure 2I).
Therefore, our data support the hypothesis that STYK1 reg-
ulates autophagy without altering AMPK or MTOR activity.

STYK1 colocalizes to autophagosomes and stimulates
their formation

The data presented above suggest that STYK1 may upregulate
genes that function in the autophagosome formation steps or
localize to the autophagosomes and further enhance their
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formation. To investigate these possibilities, we assessed the
expression levels of the PtdIns3K-C1 complex components
after STYK1 overexpression in HeLa and knockdown in
HepG2 cells, respectively. We found that the expression levels
of ATG14, BECN1, PIK3C3 and ULK1 were not altered after
STYK1 overexpression or knockdown (Fig. S4A). Next, the
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physical proximity of STYKI to the autophagosome was
investigated. To this end, the subcellular localization of
STYK1 with some components of the PtdIns3K-C1 complex
was examined. As shown in Figure 3A, ATG14-GFP was
mostly distributed in the cytoplasm of HeLa cells under
nutrient-rich conditions in the control cells. However, after
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Figure 3. STYK1 colocalizes to autophagosomes and stimulates their formation. (A-F) Colocalization of STYK1-mCherry and ATG14-GFP (A), ZFYVE1-GFP (C), and
WIPI1-GFP (E) in Hela cells. The number of ATG14-GFP (B), ZFYVE1-GFP (D), and WIPI1-GFP (F) puncta before or after STYK1 overexpression was quantified using
Image) software (n = 10, respectively). Scale bars: 10 pm. (G) The colocalization of ATG14-GFP, ZFYVE1-GFP, WIPI1-GFP and STYK1-mCherry was quantified. Scale bars:
10 pm. (H) Immunofluorescence analysis of ATG14-GFP puncta after co-transfection with ATG14-GFP, STYK1-mCherry and ULKT siRNA into the Hela cells for 48 h.
Scramble siRNA was used as a negative control. The number of ATG14 puncta was quantified (n = 10). Scale bars: 10 pm. *P < 0.05; **P < 0.01; ***P < 0.001. Data are

presented as mean + SD.
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STYK1 transfection, a strong colocalization of ATG14-GFP
and STYK1-mCherry in the perinuclear structures was
noticed (Figure 3A). Furthermore, in the cells co-transfected
with ATG14-GFP and STYK1-mCherry, the number of
ATG14-GFP puncta dramatically increased (Figure 3B). The
colocalization between STYK1-mCherry and ULK1-GFP was
further confirmed. As expected, the results indicated that
many ULK1-GFP puncta were STYK1-positive. Furthermore,
overexpression of STYK1 increased the number of ULKI
puncta (Fig. S4B and C).

ZFYVEL is widely used as a marker of the omegasomes
formed by phagophore-associated PtdIns3P-enriched endo-
plasmic reticulum (ER) membranes [34,35]. WIPIL is
a PtdIns3P-binding protein that is recruited to omegasomes
during the initiation of autophagosome formation [36]. Next,
the possible colocalization of ZFYVEl1 and WIPI1 with
STYK1 was investigated. We found that ZFYVE1-GFP and
WIPI1-GFP formed puncta upon STYKI1-mCherry expression
and colocalized with STYKI-mCherry in the Hela cells
(Figure 3C-G). As ULKI acts as an upstream effector of the
PtdIns3K-C1 complex with respect to the autophagy activa-
tion, the role of ULK1 in STYKI-induced ATG14 puncta
formation was investigated. We found that ULK1 knockdown
suppressed the induction of ATG14 puncta by STYK1 (Figure
3H,I), indicating that ULK1 is critical for mediating the effects
of STYK1 on ATGI14 puncta formation. Collectively, these
data suggest that STYK1 colocalizes with autophagosomes
and stimulates their formation.

STYK1 interacts with the Ptdins3K-C1 complex

To investigate whether STYKI1 interacts with the PtdIns3K-C1
complex, HeLa cells were simultaneously transfected with four
plasmids harboring Flag-STYKI, MYC-ATGI14, HA-BECNI and
HA-PIK3C3. The lysates were pulled down using the Flag anti-
body, and the precipitates were subjected to an SDS-PAGE and
Coomassie brilliant blue staining. The results revealed three bands
that corresponded to the molecular weights of HA-PIK3C3,
MYC-ATGI14 and HA-BECNI1, which were equimolar to the
three subunits in the Flag-STYK1 coprecipitate (Figure 4A).
Further co-immunoprecipitation (co-IP) assays showed that Flag-
STYKI interacts with endogenous PIK3C3, BECN1, ATG14 and
PIK3R4 but not with RUBCN. We also identified that Flag-
STYK1 interacts with RACK1 (receptor for activated
C kinase 1), which was recently reported to be functionally
important in the assembly of the PtdIns3K-C1 complex [37],
and NRBF2, which has been identified as the fifth component of
the PtdIns3K-C1 complex [38] (Figure 4B). Additionally, a co-IP
assay using BECN1 antibody was performed after the transfection
of Flag-STYKI expression plasmid into HeLa cells. The results
showed that endogenous BECN1 was bound to Flag-STYKI
(Figure 4C). We also found that endogenous STYKI co-
precipitated with endogenous BECNI, PIK3C3, PIK3R4 and
ATGI14. Further, endogenous BECN1 and ATGI4 co-
precipitated with endogenous STYK1 (Figure 4D,E). The interac-
tions between STYK1 and the PtdIns3K-C1 complex were further
confirmed by co-IP assays performed with HEK293T cells (Figure
4F, Fig. S5A and B). Immunofluorescence using confocal micro-
scopy showed that BECN1, PIK3C3 and PIK3R4 colocalized with

STYKI1 in HeLa cells under nutrient-rich conditions (Figure 4G).
To further examine the simultaneous presence of BECN1, ATG14
and STYK1 within the same complex, 2-step co-IP assays were
performed using the HeLa cell lysates harboring four plasmids
encoding HA-BECNI, Flag-BECNI1, MYC-ATGI14 and non-
tagged STYKI. The first immunoprecipitation of the lysate with
the Flag antibody, followed by a second immunoprecipitation
with a MYC antibody revealed the presence of STYKI in the
immunoprecipitate (Figure 4H). These observations supported
the hypothesis that STYK1 physically interacts with the PtdIns3K-
C1 complex.

STYK1 promotes the assembly of the Ptdins3K-C1
complex

Based on the interaction of STYK1 with the PtdIns3K-C1
complex and its stimulatory effect on early autophagic
processes, we examined whether STYK1 affected the
assembly of the PtdIns3K-C1 complex. The results indi-
cated that STYK]1 overexpression enhanced the interaction
of endogenous PIK3C3 with BECN1 and ATG14, as well
as with the exogenous expressed Flag-BECNI1 in HelLa
cells (Figure 5A, B and S6A). STYK1 knockdown
decreased the interaction of endogenous PIK3C3 with
BECN1, ATGI14 and the interaction of exogenous
expressed Flag- ATGI14 with HA-PIK3C3 (Figure 5C,
S6B and C). It has been reported that the kinase activity
of the PtdIns3K-C1 complex is negatively regulated by the
BCL2 family proteins that bind to the BH3 domain of
BECN1, and by RUBCN that binds to PIK3C3 via its
RUN domain [2,13,39]. Therefore, the effects of STYK1
on the interactions among BECNI1, BCL2 and RUBCN
were further investigated. The results revealed that the
BECN1-BCL2 interaction was decreased and less RUBCN
associated with the complex during STYK1 overexpression
(Figure 5D, E and S6D).

PtdIns3P in omegasomes produced by class III
PtdIns3K are crucial for autophagy initiation [40]. To
determine whether STYKI directly modulates the activity
of PtdIns3K-C1 complex, the effects of STYK1 on three
key downstream effectors: PtdIns3P, ZFYVE1 and WIPI1
were analyzed. After transfecting Flag-ATG14 in Hela
cells for 48 h with or without co-transfection with
STYKI interfering RNA in nutrient-rich or EBSS starva-
tion conditions and followed by an immunoprecipitation
(IP) assay with anti-Flag antibody, we incubated the anti-
ATG14 immunoprecipitate with phosphatidylinositol as
the substrate through a quantitative ELISA assay. We
found that ATGI14-linked PtdIns3K kinase activity was
dramatically reduced after STYK1 depletion in both the
nutrient-rich and EBSS starvation conditions (Figure 5F).
Moreover, the immunofluorescence analysis indicated that
knockdown of STYK1 in HeLa cells led to a reduced
number of PtdIns3P, GFP-WIPI1 and GFP-ZFYVEIL
puncta in nutrient-rich or EBSS starvation conditions
(Figure 5G-I). These data indicate that STYKI is essential
for the activation of the ATG14-dependent class III
PtdIns3K activity and the assembly of the PtdIns3K-Cl1
complex during the initiation phase of autophagy.
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Figure 4. STYK1 interacts with the PtdIns3K-C1 complex. (A) Hela cells were simultaneously transfected with four plasmids containing Flag-STYK1, HA-PIK3C3, HA-
BECNT and MYC-ATG14 for 48 h, then immunoprecipitated with an anti-Flag antibody and subjected to SDS-PAGE, followed by Coomassie blue staining. (B) The
interaction between Flag-STYK1 and the components of the Ptdins3K-C1 complex in Hela cells. The cell lysates were used for IP and western blotting with the
indicated antibodies. (C) The interaction between endogenous BECN1 and Flag-STYK1. (D and E) The interactions between endogenous BECN1, ATG14 and
endogenous STYK1. (F) The interaction between Flag-STYK1 and MYC-ATG14 in HEK293T cells. (G) Colocalization between STYK1-mCherry and BECN1, PIK3C3,
PIK3R4. Scale bars: 10 um. (H) Two-step co-IP assay in HEK293T cells to determine the complex containing STYK1, BECN1, and ATG14. The procedures of the two-step
co-IP are outlined at the top. The samples were subjected to western blotting with the indicated antibodies.
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***P < 0.001. Data are presented as mean + SD.



STYK1 dimerization involves the Ptdins3K-C1 complex

The ligand-dependent or ligand-independent oligomerization of
RTKs is a key step in receptor activation and intracellular signal-
ing [41]. As we noticed that Flag-STYK1 precipitated HA-STYK1
(Fig. S7A), indicating the presence of STYKI dimers, which is in
agreement with a previous report [42]. Therefore, we investigated
whether STYK1 dimerization is involved in the PtdIns3K-C1
complex and plays a role in autophagy induction. To this end,
a 2-step co-IP was performed by using HEK293T cell lysates
harboring three plasmids containing HA-STYK1, MYC-STYK1
and Flag-BECNI1. HA-STYK1 was detected in the immunopreci-
pitate after two rounds of co-IP using the Flag and MYC anti-
bodies (Figure 6A). A similar result was observed in another
2-step co-IP, in which the cells were co-transfected with HA-
STYKI, MYC-STYKI and Flag-ATGI4 (Fig. S7B), indicating
that HA-STYK1 and MYC-STYKI occupy the PtdIns3K-C1 com-
plex. These data suggest that STYK1 interacts with the PtdIns3K-
C1 complex in the form of STYK1 dimers.

The domains of STYKI involved in interactions with
ATGI14, BECNI1 and PIK3C3 were then examined. Four
STYKI truncation constructs were constructed for the co-
IP assays in HEK293T cells. The results showed that the
STYK1 kinase domain (aa 116-378) mediated interactions
with ATG14, BECN1 and PIK3C3 (Figure 6B,C, S7C and
D). Using further deletion mutations within the kinase
domain for similar experiments, we found that the inter-
action between ATG14 and STYKI decreased upon the
deletion of aa 116-203 compared with the other two
truncations, whereas interactions between BECNI,
PIK3C3 and STYK1 were impaired upon each deletion
(Figure 6C, S7C and D). It is suggested that the region
aa 116-203 within the kinase domain of STYK1 is impor-
tant for STYK1 binding to the PtdIns3K-C1 complex. The
domains of ATG14, BECNI1 and PIK3C3 involved in the
interactions with STYK1 were then investigated. As shown
in Figure 6D,E, STYKI interacted with full-length ATG14
and the region containing aa 181-492 in the co-IP assay.
By using purified GST-tagged N-terminal ectodomain and
transmembrane domain-truncated STYK1, which we called
STYKI1-ICD, we found that STYKI interacts with BECN1
through the aa 281-448 (Figure 6F,G). Similarly, STYKI
interacts with PIK3C3 through both the C2 and the cata-
lytic domain (Figure 6H,I). Furthermore, we also deter-
mined that STYK1 formed dimers through the kinase
domain (aa 116-378) (Fig. S7E). An in vitro affinity-
isolation assay was performed using externally purified
proteins to investigate the direct binding between STYK1
and the PtdIns3K-C1 complex. However, we could hardly
purify  full-length ATGI14, BECN1 and PIK3C3.
Alternatively, we successfully purified GST-tagged ATG14
aa 181-492, BECNI1 aa 151-450, PIK3C3 aa 1-293 and
PIK3C3 aa 531-887. After incubation of the aforemen-
tioned GST tagged proteins with externally purified His-
STYK1, we found that His-STYK1 was detectable in all the
precipitates of the GST-tagged proteins (Fig. S7F). These
results indicate that STYKI1 directly binds to the
PtdIns3K-C1 complex.
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The phosphorylation of STYK1 Tyr191 contributes to its
dimerization and BECN1 phosphorylation

Next, the role of STYKI1 kinase activity in autophagy induction
was investigated. This was achieved by transfecting HepG2 and
HeLa cells with the STYK1¥"*® (kinase-dead mutation), which
has impaired ATP binding ability. The results showed that the
levels of LC3-II were decreased, while the levels of SQSTM1 were
increased compared to those in cells that were transfected with
WT STYKI1 in the presence or absence of CQ (Figure 7A and
S8A). Moreover, we also noticed that the loss of the transmem-
brane domain led to similar effects to autophagy compared with
K147R mutation (Figure 7A and S8A). Whether any tyrosine
residues in STYK1 are involved in the phosphorylation or dimer-
ization and subsequent kinase activity was investigated as STYK1
is known to be phosphorylated in the cell cytoplasm [24] and
tyrosine phosphorylation is known to initiate the dimerization of
many proteins [43,44]. Toward this end, the possible phosphory-
lated tyrosine sites were predicted using NetPhos 3.1 (http://www.
cbs.dtu.dk/services/NetPhos/). Four candidate sites were identi-
fied: Y24, Y229, Y327 and Y404 (Fig. S8B). ClustalW alignment
analysis revealed that the STYKI tyrosine residue Y191 is con-
served among the members of the RTK subfamilies (Fig. S8B).
Therefore, the effects of these STYK1 tyrosine residues and Y356,
which has been reported to be involved in tumorigenesis [24], on
the autophagic processes of HeLa cells were investigated. We
found that mutations Y24F or Y191F led to significantly decreased
LC3-II levels and increased SQSTMI1 levels, which indicated
impaired autophagy in HeLa cells, whereas mutations Y229,
Y327, Y356 and Y404 showed no significant effects (Figure 7B,
C). The effects of Y24F and Y191F on autophagy were further
confirmed in MCEF-7 cells in the presence or absence of CQ
(Figure 7D).

In addition, we found that the Y191F mutation, but not Y24F
mutation significantly decreased STYK1 dimerization and that the
Y191D mutation enhanced dimerization (Figure 7E,F). These
results are consistent with the results of the GST-affinity-
isolation assays showing that the aa 116-378 fragment is required
for STYK1 dimerization. Homology modeling analysis of STYK1
dimerization also suggested that STYK1 Y191 is close to the
STYK1 dimerization site (Fig. S8C). Additionally, we found that
the Y191F mutant reduces the phosphorylation of STYK1, indi-
cating that the Y191 residue is a phosphorylation site (Figure 7G).

Whether STYK1 can phosphorylate one or more compo-
nents of the PtdIns3K-C1 complex was examined as STYK1
binds directly to the complex. This mechanism was investi-
gated by co-transfecting 293T cells with ATG14, BECNI,
PIK3C3 and STYKI respectively. We found that STYKI
increased the total serine phosphorylation level of BECNI
(Figure 7H). We also found that the total serine phosphoryla-
tion level of BECN1 was lower in the STYK1Y'*'¥ and higher
in STYK1'"*'P-transfected 293T cells compared with the
levels in the WT STYKI1 transfected cells. Moreover, the
serine phosphorylation level of BECN1 was much higher
after AMPK co-transfection (Figure 7I), suggesting that
AMPK is an upstream kinase for STYK1. BECN1 has been
reported as being phosphorylated at S93 and S96 by AMPK
[31] and at S90 by several kinases [45]. We then examined the
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Figure 6. STYK1 dimerization involves the Ptdins3K-C1 complex. (A) A two-step co-IP assay using the HEK293T cells was performed to determine the complex
containing MYC-STYK1, HA-STYK1, and Flag-BECN1. The procedures of the two-step co-IP are outlined at the top. The samples were subjected to IP and western
blotting with the indicated antibodies. (B) The schematic diagram of STYK1 truncation mutations generation and the domains mediated the STYK1-ATG14, STYK1-
BECN1, and STYK1-PIK3C3 interactions. (C) HEK293T cells were transfected with the STYK1 truncations indicated for 48 h and then harvested for IP and western
blotting analysis. (D) The schematic diagram of ATG14 truncation mutations generation and ATG14-STYK1 interacting domain. (E) HEK293T cells were transfected
with the ATG14 truncation mutations indicated for 48 h and then harvested for IP and western blotting analysis. (F) The schematic diagram of BECN1 truncation
mutations generation and the BECN1-STYK1 interacting domain. (G) HEK293T cells were transfected with the BECN1 truncation mutations indicated for 48 h and then
harvested for in vitro GST-affinity-isolation assay. (H) The schematic diagram of PIK3C3 truncation mutations generation and the PIK3C3-STYK1 interacting domain. (1)
HEK293T cells were transfected with the PIK3C3 truncation mutations indicated for 48 h and then harvested for in vitro GST-affinity-isolation assay.
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Figure 7. The phosphorylation of STYK1 Tyr191 contributes to its dimerization and BECN1 phosphorylation. (A) Western blotting analysis of LC3-Il and SQSTM1 in HepG2 cells
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were harvested for the co-IP assay using Flag antibody, then analyzed by western blotting assay using the indicated antibodies. (I) 293T cells were transfected with either empty
vector (V), WT STYK1, STYK1Y'?" or STYK1"""® mutations simultaneously transfected with or without HA-AMPK for 48 h. The cells were then harvested for the co-IP assay using
the BECN1 antibody, then analyzed by western blotting assay using the indicated antibodies. (J) 293T cells were transfected with either empty vector (V), WT STYKT, kinase-dead
STYK1¥7*7R mutant for 48 h with or without compound C treatment. The cells were then harvested and then analyzed by western blotting assay using the indicated antibodies.
(K) 293T cells were transfected with either empty vector (V), WT STYK1, STYK1Y'*™F or STYK1Y'°'® mutations for 48 h with or without AICAR/compound C treatment. The cells
were then harvested and then analyzed by western blotting assay using the indicated antibodies. *P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as mean + SD.
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effects of STYK1 to BECN1 S90 and S93 using commercial
specific antibodies. The results indicated that the level of
BECN1 $90 phosphorylation significantly increased after
STYK1 overexpression, but not STYKI®'*® mutant. And
treatment with compound C inhibited the level of STYKI1-
induced BECN1 S90 phosphorylation (Figure 7J). However,
the results showed there were little effects of STYK1 on
BECN1 $93 phosphorylation (Figure 7J). Furthermore, we
found that the level of BECN1 S90 phosphorylation was
lower in STYK1Y''F and higher in STYK1Y'*'P-transfected
293T cells compared with WT STYKI1 transfected cells and
the effects were elevated or depressed after AICAR treatment
or compound C treatment (Figure 7K). Moreover, STYK1
depletion had a limited effect on the total phosphorylation
of BECNI after both Ser90 and 93 were mutated to alanine
(Fig. S8D).

As we showed that STYK1 overexpression significantly
decreased the interactions between BECNI and BCL2
(Figure 5D), and the BECN1370A/53A/T388A 1y ytant was more
strongly bound to BCL2 compared with the binding of the
wild-type control [46]. We also demonstrated that the inter-
action between BECN1 and BCL2 increased upon STYKI1
depletion with a concurrent reduction in BECN1 serine phos-
phorylation, and decreased upon STYKI1 overexpression con-
current with elevated BECN1 serine phosphorylation with or
without AICAR and/or compound C treatment (Figure 71,
S8D and E). Additionally, using an in vitro tyrosine kinase
activity assay, we discovered that both the Y191F and Y24F
mutations inhibited STYKI1 kinase activity. In contrast, the
Y191D mutation promoted STYK1 kinase activity (Fig. S8F).
We also found that STYKI overexpression accelerated the
total tyrosine phosphorylation of PIK3C3 (Fig. S8G). Taken
together, these data indicate that the phosphorylation of
STYK1 Tyrl91 contributes to its dimerization and BECN1
phosphorylation.

STYK1 Tyr191 phosphorylation contributes to the
assembly of the PtdIns3K-C1 complex

As the above results show that STYKI Tyrl91 affects the
dimerization of STYKI1, which is involved in the PtdIns3K-
C1 complex, and Tyr191 located in aa 116-203, deletion of
which decreased the interactions between STYK1 and ATG14,
BECNI1 and PIK3C3, we next assessed whether STYK1 Tyr191
phosphorylation affects the assembly of the PtdIns3K-Cl
complex. We found that an increased amount of endogenous
ATGI14, BECNI1, PIK3C3 and PIK3R4 was co-precipitated
along with the STYK1''*'® mutant, whereas a significant
reduction in the amount of these coprecipitated endogenous
proteins was obtained with the STYK1""*'" mutant compared
with the results obtained with the WT STYKI (Figure 8A).
Moreover, the STYK1Y''* mutation significantly suppressed
the interaction of BECN1 with endogenous ATG14, PIK3C3
and PIK3R4, and it also reduced the interaction of ATG14
with BECN1, PIK3C3, and PIK3R4 (Figure 8B,C).
Consistently, the Y191F and Y191D mutations decreased
and increased the formation of WIPI1 and ZFYVEI puncta,
respectively (Figure 8D, E and S9A). An in vitro PtdIns3P
generation ELISA assay was performed, and we found that

ATG14-linked PtdIns3K kinase activity dramatically increased
after STYK1 overexpression under nutrient-rich or starvation
conditions or in the background of AICAR treatment (Figure
8F). Furthermore, cells transfected with the STYK1Y''P
mutant showed an increased amount of PtdIns3K kinase
activity compared with the level shown in cells transfected
with WT STYKI, whereas cells with the Y191F mutant
showed fewer effects (Figure 8F). These findings indicate
that the phosphorylation of STYK1 Y191 is essential for the
PtdIns3K-C1 complex assembly.

STYK1 affects autophagy-mediated starvation resistance,
suppression of lipid degradation and protein aggregate
clearance

It has been recognized that autophagic responses consti-
tute a means to cope with intracellular and environmental
stress, thus favoring tumor progression in some cases [47].
Therefore, whether STYKI1 deficiency influences cell via-
bility upon nutrient starvation stress was investigated. We
found that STYK1-deficient HepG2 cells cultured in EBSS,
a growth factor-free medium, exhibited lower cell viability
in a time-dependent manner compared with normal cells
(Figure 9A). Additionally, the cells treated with activators
of autophagy, rapamycin and brefeldin A (simulation of
endoplasmic reticulum stress) [48] dramatically recovered
the cell viability (Figure 9A,B). In contrast, treatment with
the autophagy inhibitor CQ produced an opposite effect
(Figure 9C), indicating that STYK1 influences cell viability
during nutrient starvation partly through autophagy. In
addition, the function of STYK1 in hepatic lipid accumu-
lation and protein clearance was investigated. The results
showed that STYKI depletion led to significant lipid accu-
mulation in hepatocytes (Figure 9D,E), a finding that is
similar to those in which the phenotypes were attributed
to ATG5 or ATG7 deletion in hepatocytes [49,50]. We also
found that the STYKIY''F and STYK1®'*’® mutations
were associated with increased lipid accumulation in hepa-
tocytes compared with levels observed in the WT STYK1
and the STYKIY''® mutant (Figure 9D,E), thereby pre-
senting an essential role for STYKI in maintaining lipid
homeostasis as an autophagy regulator. Puromycin-
induced protein aggregates and SQSTMI1-positive aggre-
some-like induced structures (ALISs) are known to be
selectively recognized by ubiquitin-binding autophagy
receptors and subsequently removed via autophagy
[51,52]. Therefore, the dynamics of puromycin-induced
Ub (ubiquitin) and SQSTM1-positive ALIS clearance
upon STYKI depletion in HepG2 cells were assessed. We
found that STYKI depletion caused the appearance of Ub-
positive (Ub+) puncta in untreated cells that were rarely
present in control cells (Figure 9E, NT). Moreover, the
puromycin-induced SQSTM1+/Ub+ protein aggregates
were efficiently cleared in control cells, while the recovery
of the increased protein aggregates was not apparent even
after 6 h in STYKI1-depleted cells (Figure 9F,G). In addi-
tion, STYKI overexpression, but not STYK1'”'" muta-
tion, decreased the protein aggregates induced by
puromycin compared with those produced in control
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Figure 8. STYK1 Tyr191 phosphorylation contributes to the assembly of the Ptdins3K-C1 complex. (A-C) Hela cells were transfected with WT STYK1 and its mutations
for 48 h, then cell lysates were subjected to IP with Flag- (A), BECN1- (B) and ATG14- (C) antibodies. Precipitates were then subjected to western blotting analysis.
Empty vector or rabbit IgG was used as the control. (D and E) Confocal microscopy of either nutrient-rich or starvation-induced (EBSS 2 h) ZFYVE1-GFP puncta in WT
STYK1 and its mutant transfected Hela cells. The number of GFP-ZFYVE1 puncta was quantified (n = 10). Scale bars: 10 um. (F) Different Ptdins3K-C1 complex
components from the empty vector, WT STYK1 or its mutant transfected Hela cells were immunoprecipitated using the ATG14 antibody, either in nutrient-rich,
starvation or AICAR treatment conditions. PIK3C3 activity was measured by analyzing PtdIns3P production in the ELISA assay described in the Materials and Methods
section. The PtdIns3P fold change was calculated based on the concentration of Ptdins3P and was normalized to the amount of ATG14 used in the assay. *P < 0.05;

**P < 0.01; ***P < 0.001. Data are presented as mean + SD.

cells (Figure 9F,G), indicating that STYK1 might be
involved in clearing protein aggregates.

Discussion

In this study, we discovered that STYK1 is a novel positive
regulator of autophagy. Specifically, STYK1 depletion
impaired autophagosome formation both in vivo and

in vitro. Furthermore, autophagy is significantly inhibited
after Styklb depletion in GFP-Lc3 transgenic zebrafish.
Our study also revealed that STYKI, as a unique member
of the RTK family with the ability to promote cancer
development, but with such negligible extracellular
domain, physically and functionally interacts with the
PtdIns3K-C1 complex, providing a novel example of
a crosstalk between RTK signaling and autophagy.
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intracellular oil red O content was quantified. (F and G) HepG2 cells transfected with STYK7 siRNA, STYK1 overexpression plasmid and the STYK1"'*'F mutation for
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are presented as mean + SD.



Cumulatively, our data indicate that STYKI is required for
the early steps of autophagosome formation. The amount of
autophagosome biogenesis indicated by ATG14, ZFYVE] and
WIPI1 was reduced in STYK1-depleted HeLa cells. Moreover,
LC3-II levels clearly showed that the activity of autophago-
some biogenesis was decreased after STYK1 knockdown. We
also revealed that ATG14-linked PIK3C3 activity was signifi-
cantly reduced in STYK1 knockdown cells, which is consistent
with the notion that PtdIns3P is generated by PIK3C3 upon
binding with ATGI14 in the phagophore nucleation phase.
Furthermore, our data reveal that STYKI promotes the
assembly of the PtdIns3K-Cl1 complex, which is important
for initiating autophagosome formation under both nutrient
starvation and basal conditions. Collectively, our data suggest
a model in which STYKI1 is required in the early steps
between autophagosome formation.

It has been previously reported that the insulin receptor TKD,
an RTK member, undergoes RTK auto-inhibition by its kinase
domain in a cis-auto-inhibitory interaction manner.
Phosphorylation of the key tyrosine Y1162, along with phos-
phorylation of two other tyrosine sites, in the activation loop of
the TKD kinase domain could release the activation loop from
the active site, allowing it to be accessed by both ATP and
protein substrates, leading to kinase activation [53,54].
A conceptually similar mechanism was also found in FGFR1
[55], which shares 30% sequence similarity with STYKI in the
intracellular domain [56], suggesting that STYK1 may also share
this method of kinase activation. Indeed, our findings of the
importance of STYK1 Tyr191 for promoting its dimerization
and the assembly of the PtdIns3K-C1 complex, together with
previously reported phosphorylation sites at Tyr327 and 356
[24], suggests that the three tyrosine sites may play important
roles in STYKI kinase activation. Our data also revealed that
autophagy is impaired when we transfected HeLa and HepG2
cells with the STYK1®'*"® kinase-dead mutation with impaired
ATP binding ability, which shows the same effect as STYK1* "'
mutation transfection compared with WT STYKI, presenting
the enormous possibility that the substrate of STYKI also func-
tions in STYKI induced autophagy activity.

AMPK and MTOR are the two central modulators of
autophagy regulation [33]. However, our data showed that
STYK1 promotes autophagy initiation without altering the
activity of AMPK and MTOR, indicating that neither AMPK
nor MTOR is a downstream effector of STYKI1. As the phos-
phorylation of BECNI1, ATGI14 and PIK3C3 have been
reported to function in autophagy induction [57] and
STYK1 directly binds to ATG14, BECN1 and PIK3C3, our
findings revealed that STYK1 can increase the Ser90 phos-
phorylation of BECN1. Moreover, our data indicate that the
effects of STYKI to the level of BECN1 Ser90 phosphorylation
could be enhanced and reduced upon the treatment of AICAR
and compound C, suggesting that AMPK is an upstream
kinase for STYK1. BECNI has been reported as being phos-
phorylated at Ser90 by MAPKI1/3 [58], and STYK1 had
a positive role in the activation of the RAS/MAPK signaling
pathway [42], suggesting that STYK1 elevated the phosphor-
ylation of BECNI Ser90 through MAPK pathway. However, it
is also worth investigating whether STYK1 can phosphorylate
either ATG14, BECNI or PIK3C3 directly in future studies.
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The transmembrane domain of STYK1 has been reported as
critical for STYK1 oligomerization and subsequent kinase activa-
tion autoinhibition [58]. However, our results showed that loss of
the STYK1 transmembrane domain significantly inhibits the
induction of autophagy, suggesting that the localization of
STYK1 may play an essential role in regulating autophagy initia-
tion. Indeed, the loss of the STYK1 transmembrane domain
caused the distribution of the STYK1 protein in the nucleus
[59]. Moreover, STYKI has been reported to distribute in a dot
and aggregation pattern (DP and AP, respectively), our investiga-
tion into the cellular colocalization of the autophagosome were
mainly with the aggregation pattern of STYKI, which was also
identified the most in cancer cells [59].

Basal autophagy plays an essential role in the maintenance of
tissue homeostases, such as hepatocyte lipid accumulation and
protein quality control [14]. For example, the receptor for RACK1
(encoded by gene GNB2/1), which is indispensable for the forma-
tion of the PtdIns3K-C1 complex in nutrient starvation condi-
tions and has an effect on basal autophagy activity, prevents
increased lipid storage in hepatocytes by promoting autophagy
[37]. DACT1/DAPPERI, interacts and functions in the PtdIns3K-
C1 complex, impairs basal autophagy and the accumulation of
ubiquitinated aggregates in the central nervous system and liver
tissues [16]. Our data also identify STYK1 depletion results in
impaired basal autophagy activity. Furthermore, STYK1 depletion
increased hepatocyte lipid accumulation and protein aggregates.
As expected, in nutrient-rich conditions, RACK1 was precipitated
by STYK1 (Figure 4). Those regulators or scaffold proteins of the
PtdIns3K-C1 complex that promote basal autophagy activity are
implicated in several autophagy-related pathological disorders.
Indeed, STYKI1 plays important roles in promoting the develop-
ment of different types of cancer cells, but the underlying regula-
tory mechanisms are not well understood.

In some cases, there is a controversy between autophagy and
cell proliferation, as well as tumor development, such as pancrea-
tic cancer with activating KRAS mutations and high basal autop-
hagy, autophagy plays an essential role in tumor progression [60].
Consistently, through gene set enrichment analysis (GSEA) using
the cancer genome atlas (TCGA) database of pancreatic cancer,
we found that STYK1 levels were correlated with the metabolism
of several amino acids including glycine, serine, threonine,
cysteine and methionine. STYKI levels were also correlated with
the increased metabolism of pyruvate and enrichment of genes
essential for the citrate cycle (Fig. S1).

In summary, our study reveals a novel role of STYKI in
autophagy and identifies STYK1 modulating PtdIns3K-III
activity by stabilizing BECN1, ATG14, PIK3C3 and PIK3R4
proteins in the assembly of the PtdIns3K-C1 complex for
autophagosome formation. Future functional and structural
studies would allow for an increased understanding of the
cross-talk between STYK1 and autophagy initiation.

Materials and methods
Plasmids construction

DNA fragments encoding STYKI, BECNI, ATGI14, PIK3C3,
ZFYVE1, WIPII, BCL2, RUBCN, PRKAAI and PRKAA2
amplified by PCR were gifts from Prof. Jiahuai Han
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(Xiamen University, China). The PCR products of STYKI and
BECNI were both cloned into pCMV-3 x Flag (Sigma,
E4401), pCMV-Myc (Clontech, 631,604), and
pcDNA3.0-3 x HA (Miaolingbio, P9394). The PCR product
of ATGI4 was cloned into pCMV-3 x Flag and pCMV-Myec.
The PCR products of BCL2 and RUBCN were cloned into
pCMV-3 x Flag. The PCR products of ZFYVE1, WIPII, and
STYK! were cloned into pCMV-NI1-EGFP (Clontech,
6085-1). pCMV-N1-ATG14 and pCMV-Myc-UVRAG were
gifts from Prof. Yan Chen (Shanghai Institutes for Biological
Sciences, China). GFP-LC3 was a gift from Prof. QingKenneth
Wang (Huazhong University of Science and Technology,
China). ptfLC3 (mammalian expression of rat LC3 fused to
mRFP and GFP) was a gift from Prof. Tamotsu Yoshimori
(Addgene, 21074). To make STYK1 mutants, a series of for-
warding primers harboring the desired mutations were used
in PCRs to generate the STYK1 K147R, Y24F, Y24D, Y191F,
191D, Y24F/Y191F, Y24D/Y191D, Y229F, Y327F and Y356F
mutations. To make deletion mutations, overlap extension
PCR was used to generate DNA sequences encoding STYK
1-116, STYKI 1-378, STYK1 26-422, STYK]I 116-378, STYKI
ATM, STYKI-ICD, STYKI A116-203, STYKI A204-290,
STYK1 A291-378, ATGI14 1-70, ATGI14 71-180, ATGI4
181-492, PIK3C3 1-293, PIK3C3 294-530, PIK3C3 531-887,
BECNI 1-150, BECN1 1-280, BECNI 1-337, BECN1 151-244,
BECN1 245-337, and BECNI A245-337. To generate
pCDNA3.0-STYKI-mCherry, two DNA fragments that
encode STYKI and mCherry were fused by PCR, mCherry
was cloned from 7TGC and 7TGC was a gift from RoelNusse
(Addgene, 24304). Lentiviral construct containing Flag-tagged
human coding sequence of STYKI was cloned into pCDH-
CMV-MCS-EF1-Puro system, which was a gift from
Dr. Xiaorong Zhang (Institute of Biophysics, Chinese
Academy of Sciences, China). psPAX2 and pMD2.G were
also gifts from Dr. Xiaorong Zhang. The plasmids were pur-
ified using the EndoFree Mini Plasmid Kit II (TIANGEN,
DP118). All complete plasmids were verified by sequencing.

Antibodies and reagents

The following commercially available antibodies and the
corresponding dilutions were used: anti-STYK1 (Abcam,
ab97451; 1:1000 dilution), anti-ACTB/p-actin (Proteintech,
60008-1-Ig; 1:1000 dilution), anti-GAPDH (Proteintech,
60004-1-Ig; 1:1000 dilution), anti-LC3B (Proteintech,
18725-1-AP; 1:1000 dilution), anti-SQSTM1/p62 (Boster,
BM4385; 1:1000 dilution), anti-Ubiquitin (Enzo, BML-
PW8810; 1:1000 dilution), anti-mouse Flag (EMD
Millipore, M1805-3L; 1:1000 dilution), anti-rabbit Flag
(EMD Millipore, PM020A; 1:1000 dilution), anti-mouse
HA (EMD Millipore, M180-3; 1:1000 dilution), anti-
rabbit HA (Proteintech, 51064-2-AP; 1:1000 dilution),
anti-mouse MYC (EMD Millipore, M047-3; 1:1000 dilu-
tion), anti-rabbit MYC (Sigma, SAB2702192; 1:1000 dilu-
tion), anti-p-PRKAA1/2-T172 (Cell Signaling Technology,
2535; 1:1000 dilution), anti-PRKAA2 (Boster, A30453;
1:500 dilution), anti-pEIF4EBP1-T37/46 (Cell Signaling
Technology, 2855; 1:1000 dilution), anti-EIF4EBP1
(Proteintech, 60246-1-Ig; 1:1000 dilution), anti-p-ULK-

S317 (Cell Signaling Technology, 12,753; 1:1000 dilution),
anti-ULK1 (Boster, BM5170; 1:500 dilution), anti- ATG14/
Barkor (Proteintech, 19,491-1-AP; 1:1000 dilution), anti-
BECN1 (Proteintech, 11,306-1-AP; 1:1000 dilution), anti-
PIK3C3/VPS34 (Proteintech, 10,828-1-AP; 1:1000 dilu-
tion), anti-RACK1 (Santa Cruz Biotechnology, sc-17,754;
1:500 dilution), anti-UVRAG (Proteintech, 19,571-1-AP;
1:1000 dilution), anti- PIK3R4/VPS15 (Santa Cruz
Biotechnology, sc-100,798; 1:500 dilution), anti-RUBCN
(Proteintech, 21,444-1-AP; 1:1000 dilution), anti-GFP
(EMD Millipore, 598; 1:1000 dilution), anti-PtdIns3P
(Echelon, Z-P003; 1:200 dilution), anti-BCL2
(Proteintech, 12,789-1-AP; 1:1000 dilution), anti-
phosphotyrosine (Sigma, P4110; 1:1000 dilution), anti-
p-BECN1-590 (Cell Signaling Technology, 86,455; 1:1000
dilution), anti-p-BECN1-S93 (Cell Signaling Technology,
14,717; 1:1000 dilution). Commercially reagents used are
as follows: chloroquine diphosphate salt (CQ; 10 uM;
Sangon Biotech, A506569), rapamycin (10 nM; Selleck,
S$1039), torinl (10 nM; MedChemExpress, HY-13,003),
AMPK inhibitor compound C (10 uM; Selleck, S7306).
Absolute dimethyl sulfoxide (DMSO; Sangon Biotech,
A100231) was used as a solvent to make stock solutions,
which were typically diluted at 1:1000 to obtain final
solutions. Identical concentrations of DMSO were used
as vehicle controls. Pharmacological agents were typically
replenished every 3 days.

Cell culture, siRNAs, and transfection

LO2, HeLa, HEK293T, HepG2 and HPD E6-C7 cell lines
were gifts from Dr. HaiMing Hu (Wuhan Institute of
Virology, Chinese Academy of Sciences, China). The
MCE-7 cell line was a gift from Prof. Xuan Cao (Tongji
Medical College, Huazhong University of Science and
Technology, China). SiHa and PANC-1 «cells were
obtained from the Cell Culture Center (Chinese
Academy of Medical Science, TCHull3 and TCHu 98).
Cells were cultured in high glucose (4500 mg/L)
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone,
SH30022.01) containing 10% heat-inactivated fetal bovine
serum (Biological Industries, 04-001-1ACS), 100 units/ml
penicillin, 100 pg/ml streptomycin (Biosharp, BL505A)
and 4 mM L-glutamine at 37°C with 5% CO, in
a humidified atmosphere. The medium was replaced
every 2-3 d and the cell was subcultured and used for
an experiment at 80-90% confluence. DNA transfection
with GenJetVer.II (SignaGen, SL100489) and interference
RNA with Lipofectamine 2000 (Invitrogen, 11,668,019)
according to the manufacturer’s instructions. siRNA for
STYKI #1 was 5'- CCAUCUUUCGAGCCAAUAUTT -3/,
#2 was 5'- GGAUGGUCUUCUCUAUGAUTT -3, #3 was
5- GGUGGUACCUGAACUGUAUTT -3', siRNA for
BECNI was 5-CCGUGGAAUGGAAUGAGAUUAAUTT
-3', siRNA for ULKI was: 5'-CGCGGUACCUCCAGAGC
AATT-3'. Starvation in this study was carried out to
switch the culture medium from the complete medium
to low glucose (1000 mg/L) DMEM medium without



fetal bovine serum or EBSS (Hyclone, SH30024.01)

medium.

Crispr/Cas9 mediated mutagenesis of zebrafish
styk1b

Single guide RNAs (sgRNAs) targeting the second and third
coding exon of zebrafish styklb (ENSDART00000139664.1)
were designed using the chop-chop website [61]. To generate
the sgRNAs, the single-strand DNA (ssDNA) (122 bases)
template was obtained by PCR complementation and ampli-
fication ~ of  full-length ~ ssDNA  oligonucleotides.
Oligonucleotides up to 81 nucleotides were purchased from
Sangon Biotech (Shanghai) using standard synthesis proce-
dures (10 nmol concentration, purification with page
method). The final PCR products were purified with a DNA
clean up kit (CWBIO, CW2301M). The purified PCR pro-
ducts were confirmed by gel electrophoresis and Sanger
sequencing by Sangon Biotech (Shanghai). For in vitro tran-
scription of sgRNAs, 0.5 pg template DNA was used to gen-
erate sgRNAs using the MEGA short script °T7 kit
(ThermoFisher, AM1354) and purified by RNA Clean up kit
(TIANGEN, DP412). The Cas9 Nuclease was purchased from
New England (NEB, M0646). A mixture of sgRNA and Cas9
mRNA was injected into one-cell stage WT (AB line) embryos
(sgRNA 150 pg/embryo and Cas9 mRNA 300 pg/embryo).
The effect of CRISPR injection was confirmed by PCR and
Sanger sequencing.

Qrt-PCR assay

Total RNA was extracted using Trizol reagent (ThermoFisher,
15,596,026) according to the manufacturer’s instructions and
purified with RNeasy Min Elute Clean up kit (TTANGEN,
DP412). RNAs were quantified using a NanoDrop 2000c
instrument (ThermoFisher). cDNA was reverse transcribed
using a HiScript ¢cDNA synthesis kit (Vazyme, R323-01).
Quantitative PCR was performed using the Universal SYBR
qPCR Master Mix (Vazyme, Q511-02). The primers for styklb
were: Forward: 5'- CATAGCACTGGACACAACCACT -3/,
Reverse: 5-TCCGTTAAAGTTCTCCGGCAGT-3'. The pri-
mers for Gapdh were: Forward: 5- TCGGTCGCATTGGC
-3', Reverse: 5'-CCGCCTTCTGCCTTA-3'.

Immunoprecipitation and western blotting

Cells or zebrafish larvae (10> larva/group) were washed twice
with phosphate-buffered saline (PBS; Servicebio,
WGSH30256-01) and lysed with RIPA lysis buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton X-100 [Sangon
Biotech, 9002-93-1], 10 mM NaF, 1 mM EDTA and protei-
nase inhibitor cocktail [Biomake, B14001] and Halt phospha-
tase inhibitor cocktail [Thermofisher Scientific, 78,420]) for
30 min. The lysate was centrifuged at 12,000 x g for 30 min at
4°C, and the supernatant was incubated overnight with pri-
mary antibodies according to each individual experiment, and
then with protein A/G agarose beads (Santa Cruz
Biotechnology) for 2 h at 4°C. The beads were washed twice
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with PBS buffer, twice with RIPA lysis buffer and twice with
TBST buffer (Servicebio, G0004). Protein concentration was
measured using the Protein Assay kit (BioRad, 5,000,006),
then the immunoprecipitate was eluted from the beads by
adding and boiling in 2 x SDS loading buffer (100 mM Tris-
HCI, pH 6.8, 4% [wt:vol] SDS, 200 mM dithiothreitol, 0.2%
[wt:vol] bromophenol blue, and 20% [vol:vol] glycerol) for
8 min at 98°C and was then subjected to SDS-PAGE and
western blotting. Western blotting was performed as
described [62]. Briefly, cells were lysed in RIPA lysis for
30 min on ice and the lysate was centrifugated at 4°C. The
supernatant was then removed to new 1.5 ml microcentrifuge
tubes, boiled for 8 min at 98°C after adding 2 x SDS loading
buffer and loaded on SDS-PAGE gels. For all western blotting,
gels were blotted on 0.45-um polyvinylidene fluoride mem-
brane (PVDF; Millipore, IPFL85R). Transferred membranes
were blocked in TBST 5% skimmed milk (Coolaber, CN7861)
TBST buffer or TBS-T 3% BSA (Sangon Biotech, A600903-
0005) for phospho-specific antibodies for 2 h. Primary anti-
bodies were diluted in TBST buffer and incubated for either 1
h at room temperature or 4°C overnight. Secondary antibo-
dies were also diluted in TBST buffer. Mild stripping buffer
(2 M glycine [ThermoFisher, A37730IP] pH 2.2, 1% SDS, 10%
Tween20 [Sangon Biotech, A100777]) was used for stripping
antibodies from membranes. Detection was performed using
supersignal west pico plus (Invitrogen, 34,580) according to
the manufacturer’s instructions.

PIK3C3/VPS34 kinase assay

PIK3C3 activity was measured with quantitative and compe-
titive ELISA assays according to the manufacturer’s manual
(Echelon, K-3000). Briefly, PIK3C3 was immunoprecipitated
using anti-ATG14 or anti-UVRAG antibody with or without
STYK1 interfering RNA under nutrient-rich and starvation
conditions. PIK3C3 was also obtained using ATG14 antibody
after WT STYKI1, STYK1Y''F or STYK1''*'P transfection
respectively in normal, starvation and AICAR treatment con-
ditions. Twenty-one pl kinase reaction buffer (100 mM
HEPES [ThermoFisher, 15,630,080] pH 7.5, 300 mM NaCl,
2 mM CHAPS [ThermoFisher, 28,300], 10 mM MnCl,, 2 mM
DTT, 100 uM ATP [Sangon Biotech, A600020]) and 4 pl of
500 uM phosphatidylinositol substrate (Echelon, K-3000)
were added to the beads immunoprecipitated with PIK3C3
and incubated at room temperature for 2 h. The reaction
mixture was quenched with 5 pl of 100 mM EDTA diluted
with 90 ul H,O, and then added 80 pl PtdIns3P detection
buffer (provided by the Kit, K-3004). After the PtdIns3K
reactions were complete and quenched, reaction products
and PtdIns3P detector protein (provided by the Kit) were
then added to the PtdIns3P-coated microplate, for competi-
tive binding to the PtdIns3P detector protein. The amount of
PtdIns3P detector protein bound to the plate was determined
through colorimetric detection of absorbance at 450 nm. The
concentration of PtdIns3P in the reaction mixture was calcu-
lated as reversed to the amount of PtdIns3P detector protein
bound to the plate.
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Immunostaining and confocal microscopy

HelLa cells transfected with the appropriate plasmids were grown
on glass chambers at 60% density and incubated in normal
medium, serum-free medium for 12 h or EBSS medium at the
indicated time, either untreated or treated with 10 uM CQ for 2 h.
Cells were then fixed with 4% paraformaldehyde in PBS for
10 min. After cells were permeabilized with 0.5% Triton X-100
in PBS for 15 min, samples were washed three times with PBS and
blocked with 10% goat serum (Sangon Biotech, E510009), 0.1%
Triton X-100 in PBS for 2 h at room temperature. Cells were then
incubated with 1:100 or 1:200 dilution of corresponding primary
antibodies overnight at 4°C and 1:100 dilution of fluorescence-
labeled secondary antibodies diluted in immunostaining buffer
(2% FBS plus1% BSA in PBS) for 2 h. DAPI (Solarbio, C0065) was
used for nuclei staining. Finally, cells were washed again with PBS
and mounted on glass slides and examined with a confocal laser-
scanning microscope (Leica SP8, Wetzlar, Germany) using
a 63x oil immersion objective. Data analysis was performed
using the Leica LAS AF Lite software. The numbers of GFP-
LC3, ULK1, ATG14-GFP, ZFYVEI-GFP and WIPI1-GFP puncta
per cell were counted in 10 non-overlapping fields.

GST dffinity-isolation assay

The cDNA encoding STYKI ICD (aa 26-422) was cloned into
pGEXA4T-1 (GE, 27-4580-01) and pET-28a (EMD Biosciences,
69,864-3). The cDNAs encoding ATGI4 (aa 181-492),
BECNI1 (aa 151-450) and PIK3C3 (aa 1-293, 531-887) were
cloned into pGEX4T-1. GST, GST-STYK1-ICD, His-STYK1-
ICD, truncated ATG14 (aa 181-492), BECNI1 (aa 151-450)
and PIK3C3 (aa 1-293, 531-887) proteins were then purified
from the bacteria cells (BL21 strain; TaKaRa, 9126) that were
transformed with pGEX4T-1 and respective pGEX4T1 expres-
sion vector, using standard glutathione-agarose beads accord-
ing to the manufacturer’s instruction (Thermofisher, 16,100).
For the direct interaction assay, we use externally expressed
truncated GST- ATG14 181-492, GST-BECN1 151-450, GST-
PIK3C3 1-293 and 531-887 to incubate with externally
expressed His-STYK1, and then detect the STYKI signal by
western blotting assay.

GSEA analysis

Global mRNA expression profiles of human liver cancer tissue
obtained from The Cancer Genome Atlas (TCGA) database
were subject to Gene Set Enrichment Analysis (GSEA) using
the GSEA v2.2.4 software (http://www.broadinstitute.org/gsea/)
to identify the association of STYKI expression with cell meta-
bolism signature.

In vitro tyrosine kinase activity assay

The HEK293T cells cultured in 10 cm dishes were transiently
transfected with STYK1 and STYK1 mutants for 48 h. The cells
were collected and washed with cold PBS and lysed in lysis buffer
supplemented with protease and phosphatase inhibitors. The cell
lysates were subjected to IP assay using the Flag antibody, and
the immunoprecipitate was used for determining the tyrosine

kinase activity using the universal tyrosine kinase assay kit
(TaKaRa, MK410). Briefly, 40 pl of the diluted immunoprecipi-
tated sample was incubated for 30 min at 37°C with substrate
peptides that were bound to streptavidin present a microtiter
plate containing 10 pl of kinase reaction buffer with 1 mM ATP
in each well. Then, 50 pl of anti-phosphotyrosine (PY20)-HRP
solution was added into each well and incubated for 30 min at
37°C. After washing the sample four times, 100 ul of TMB
substrates was also added, and the samples were incubated for
up to 15 minutes. The reaction was stopped by adding 2 M
sulfuric acid (TaKaRa, MK410). The absorbance in each well was
measured using a spectrophotometric plate reader (BioTek,
ELx800) at a wavelength of 450 nm.

Cell viability detection

Cell viability was determined by MTT assay. Briefly, HepG2 cells
(1 x 10° cells/well) were seeded into 12 — well plates for 12 h to
adhere. After the replacement of the complete culture medium
to EBSS with or without rapamycin (Rap, 10 nM), brefeldin
A (Bre A, 5 mM), CQ (10 uM) or the control solution, cells were
stained at the indicated time points with 100 pl sterile MTT dye
(0.5 mg/ml; Sigma, M2128) for 4 h at 37°C, followed by removal
of the culture medium and the addition of 150 pul DMSO (Sigma,
W387520). The number of viable cells was assessed by measure-
ment of the absorbance at 490 nm by a microplate reader. All
experiments were performed in triplicate.

Statistical analysis

All experiments were independently performed at least three
times. All statistical analysis was performed using GraphPad
Prism 6.0 software (GraphPad, La Jolla, CA, USA). All data
are presented as mean * SD (standard deviation) from tripli-
cates. P values <0.05 were statistically significant. Statistical
analysis was done using paired Student’s t-test; ***, ** and *
indicate P < 0.001, P < 0.01 and P < 0.05, respectively.
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