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Summary

The Hippo pathway is known for its crucial involvement in development, regeneration, organ 

size control, and cancer. While energy stress is known to activate the Hippo pathway and 

inhibit its effector YAP, the precise role of the Hippo pathway in energy stress response 

remains unclear. Here, we report a YAP-independent function of the Hippo pathway in 

facilitating autophagy and cell survival in response to energy stress, a process mediated by 

its upstream components MAP4K2 and STRIPAK. Mechanistically, energy stress disrupts the 

MAP4K2-STRIPAK association, leading to the activation of MAP4K2. Subsequently, MAP4K2 

phosphorylates ATG8-family member LC3, thereby facilitating autophagic flux. MAP4K2 is 

highly expressed in head and neck cancer and its mediated autophagy is required for head and 

neck tumor growth in mice. Taken together, our study unveils a noncanonical role of the Hippo 
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pathway in energy stress response, shedding light on this key growth-related pathway in tissue 

homeostasis and cancer.

eTOC Blurb

Seo et al. report a YAP-independent role of the Hippo pathway in driving autophagy upon energy 

stress, a process mediated by its components MAP4K2 and STRIPAK. Energy stress feeds into 

STRIPAK to activate MAP4K2, which in turn phosphorylates LC3A to promote autophagy, cell 

survival, and head and neck cancer development.
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Introduction

The Hippo pathway is a critical regulator of development, regeneration, tissue homeostasis, 

and organ size, whose dysregulation has been implicated in human diseases, particularly 

cancer1–4. This pathway is regulated by a wide range of signaling events, such as growth 

factors, energy homeostasis, mechanical cues; however, exactly how the Hippo pathway 
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transduces these upstream signaling events to effects on cell proliferation and survival is still 

largely unknown.

The mammalian Hippo pathway is composed of a core kinase cascade comprising two 

Ser/Thr kinases MST1/2 and LATS1/2 with their adaptor proteins SAV1 and MOB1, 

respectively, downstream effector proteins YAP and TAZ, and nuclear transcription factors 

TEAD1–4. Upon Hippo activation, MST1/2 phosphorylate and activate LATS1/2, which 

in turn phosphorylate YAP/TAZ, resulting in their cytoplasmic retention and degradation. 

As transcriptional co-activators, un-phosphorylated YAP/TAZ are translocated into the 

nucleus, where they bind TEAD1–4 to promote the transcription of genes involved 

in numerous growth-related events. Recent studies in Drosophila and mammals have 

highlighted MAP4K-family kinases (MAP4Ks) and the striatin-interacting phosphatase and 

kinase (STRIPAK) complex as additional components of the Hippo pathway. MAP4Ks 

act in parallel to MST1/2 to phosphorylate and activate LATS1/25–9, while STRIPAK, a 

member of the protein phosphatase 2A (PP2A) family, binds and inhibits MST1/2 and 

MAP4Ks through its components SLMAP10 and STRN411, respectively.

Among the Hippo-associated signaling contexts, we are interested in the functional interplay 

between the glucose-dependent energy homeostasis and the Hippo pathway discovered 

by us and others a few years ago12–15. Specifically, under glucose-rich condition, YAP 

is translocated into the nucleus to drive the transcription of genes involved in glucose 

metabolism13,16; under glucose starvation or energy stress conditions, activated Hippo 

pathway induces YAP phosphorylation at S127 to inhibit its nuclear localization, while 

AMPK, the master kinase in energy stress response17, phosphorylates YAP at S94 to disrupt 

its association with TEAD1–413,14. Notably, regardless of YAP cellular localization, the 

AMPK-mediated YAP phosphorylation directly targets the YAP-TEAD complex formation 

to inhibit YAP downstream outputs, making the Hippo-induced YAP cytoplasmic retention 

dispensable. This enigma indicates that the Hippo pathway could play a YAP-independent 

role in energy stress response.

In this study, we discovered a YAP-independent role of the Hippo pathway in facilitating 

autophagy and cell survival in response to energy stress. We show that MAP4K2 was 

required for autophagy both in vitro and in vivo and specifically protected cells against 

energy stress. Mechanistically, glucose starvation disrupted the association of MAP4K2 

with the STRIPAK complex component STRN4 to activate MAP4K2, which in turn 

phosphorylated autophagy protein LC3A at S87 to drive autophagosome-lysosome fusion 

in autophagic flux. Moreover, MAP4K2 was highly expressed in head and neck cancer and 

targeting MAP4K2-mediated autophagy inhibited head and neck tumor growth. Collectively, 

our study not only reveals a noncanonical role of the Hippo pathway in energy stress 

response, but also provides insights into this key signaling pathway in growth control, stress 

response and cancer.
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Results

MAP4K2 binds ATG8 family of autophagy proteins

To reveal additional roles of the Hippo pathway in energy stress response, we searched 

the published Hippo pathway interactome data11,18–20 for preys with known functions 

in stress response (Table S1). Interestingly, gene ontology (GO) analysis connected the 

Hippo pathway protein-protein interaction network with macroautophagy (hereafter referred 

to as autophagy) (Figure S1A), a lysosome-dependent degradative pathway breaking 

down macromolecules for essential cellular processes and cell survival under stress 

conditions21–23. Among the Hippo-interacting proteins associated with autophagy were 

three of ATG8-family proteins (i.e., GABARAP, GABARAPL1 and GABARAPL2) (Figure 

S1A), which were also involved in cellular response to stimuli including starvation, nitrogen 

levels, nutrient levels based on an independent biological process analysis of the Hippo 

pathway interactome data (Figures S1B and S1C).

These ATG8-family proteins were identified as MAP4K2-interacting proteins via tandem 

affinity purification coupled with mass spectrometry (TAP-MS) analysis (Table S1 and 

Figure 1A). Additionally, MAP4K2 was reciprocally uncovered in the LC3A-, LC3B-, 

GABARAPL1- and GABARAPL2-associated protein complexes (Figure 1A). Indeed, in 
vitro pulldown assay showed that MAP4K2 directly bound LC3 and GABARAP proteins 

but not other ubiquitin-like proteins (Figure 1B). MAP4K2 was the only MAP4K-family 

member that strongly interacted with LC3A (Figure 1C) and GABARAP (Figure S1D). We 

uncovered a LC3-interacting region (LIR) motif in the MAP4K2 linker region (Figure 1D) 

and demonstrated that this LIR motif was required for the interaction between MAP4K2 

and LC3A (Figure 1E). MAP4K2, but not its LIR motif-deletion mutant, was localized 

to punctate structures in the cells, which were co-localized with LC3A under control and 

chloroquine-treated conditions (Figure 1F) as well as nutrient-deprived conditions (Figure 

S1E). Loss of the LIR motif did not affect the ability of MAP4K2 to phosphorylate LATS1 

hydrophobic motif (HM)-containing region C3 at T107924 (Figure S1F). Taken together, 

these data demonstrate ATG8-family proteins as bona-fide binding proteins for Hippo kinase 

MAP4K2.

MAP4K2 is required for autophagy and cell survival under energy stress conditions

We generated the MAP4K2 knockout (KO) cells using CRISPR/Cas9 (Figure 2A) and 

found that loss of MAP4K2 increased the expression of autophagy proteins LC3 and 

p62 (Figure 2A) but did not affect YAP S127 phosphorylation (Figure 2A) or its cellular 

localization (Figures S2A and S2B). Moreover, MAP4K2 deficiency increased LC3A puncta 

even under normal culture condition (Figures 2B and 2C). Electron microscopy revealed 

the accumulated vesicle-like structures in the MAP4K2 KO cells, resembling the ones 

observed in the chloroquine-treated cells (Figure 2D). We also confirmed these findings 

using a MAP4K2 inhibitor, TL4–12, which can target the ability of MAP4K2 to rescue YAP 

cytoplasmic localization in the MST/MAP4K-8KO cells (Figures S2C and 2E). Consistently, 

TL4–12-treated cells showed elevated expression of LC3 and p62 (Figure 2F) but no change 

in YAP S127 phosphorylation (Figure 2F) or its cellular localization (Figures S2D and 

S2E). TL4–12 treatment also induced the formation of LC3A puncta in different cells under 
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normal culture condition (Figures 2G, 2H and S2F) and lipid droplet accumulation in the 

livers of fasted mice (Figures 2I and 2J). Together with the facts that inhibiting either 

the class III PI3K complex (Figures S2G and S2H) or LC3A lipidation (Figures S2I and 

S2J) reduced the accumulated LC3A puncta in the MAP4K2 KO cells, these data show a 

YAP-independent role of MAP4K2 in regulating autophagy.

Since autophagy protects cells against various stresses, we next examined whether MAP4K2 

could regulate cell survival under stress conditions. Interestingly, loss of MAP4K2 

dramatically reduced cell viability upon glucose starvation and HBSS treatment but did 

not affect cells when cultured under serum starvation and amino acids starvation (Figures 

2K and 2L). Targeting MAP4K2 activity by TL4–12 also significantly reduced the cell 

viability under glucose starvation and HBSS treatment (Figures 2M and 2N). Collectively, 

these results suggest that MAP4K2 is required for cell survival in energy stress response.

MAP4K2 drives autophagy by phosphorylating LC3A at S87

Regarding the mechanism, we found that reconstituting wild-type MAP4K2, but not its 

kinase dead mutant (K45R) or LIR motif-deletion mutant (ΔLIR), reversed the accumulated 

LC3A puncta in the MAP4K2 KO cells under both normal culture condition (Figures 

S3A, 3A and 3B) and glucose starvation (Figures S3A–S3C). Moreover, our in vitro 
kinase assay showed that MAP4K2, but not its kinase dead mutant (K45R), induced LC3A 

phosphorylation as indicated by the higher band shift in phos-tag gel (Figure 3C). Mass 

spectrometry analysis further revealed S87 as the MAP4K2 phosphorylation site on LC3A 

(Figure 3D). This finding was confirmed using MAP4K2 in vitro kinase assay where the 

S87A mutation largely reduced the band shift of GST-LC3A in phos-tag gel (Figure 3E) 

as well as a phospho-antibody against p-LC3A S87 both in vitro (Figure 3F) and in vivo 
(Figure 3G). Loss of MAP4K2 dramatically reduced LC3A S87 phosphorylation (Figure 

3G). These data together demonstrate that MAP4K2 phosphorylates LC3A at S87.

The LC3A S87 site and its nearby amino acid sequence are conserved among all the LC3 

proteins in mammals and amphibians (Figure 3H). The MAP4K2 LIR motif can be traced 

to fish but not its fly orthologous protein Happyhour (Figure 1D). These findings thus 

raise an interesting possibility that the MAP4K2-mediated LC3 regulation co-evolved with 

vertebrate species.

We next examined the role of LC3A S87 phosphorylation in MAP4K2-dependent autophagy 

and cell survival. Interestingly, the S87A mutation largely induced the number of LC3A 

puncta under both control (Figures 3I and 3J) and glucose starvation (Figures S3D and S3E) 

conditions, which resembled the phenotypes observed in the MAP4K2 KO cells (Figures 

2B, 2C, S2G and S2H). Expressing LC3A S87 phosphomimic mutant (S87D), but not its 

S87A mutant, significantly rescued MAP4K2 KO cell viability under glucose starvation 

condition (Figures 3K and 3L). These data show that MAP4K2 drives autophagy and cell 

survival by phosphorylating LC3A at S87.

Notably, there was still a significant band shift of LC3A S87A mutant in phos-tag gel 

(Figure 3E), suggesting that MAP4K2 may phosphorylate additional sites of LC3A. We 

then mutated each remaining Ser/Thr site on LC3A S87A mutant (Figure S3F) for in vitro 
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kinase assay and eventually revealed S12 and S115 as additional MAP4K2 phosphorylation 

sites on LC3A (Figures S3G and S3H). As for other ATG8-family proteins, MAP4K2 

induced a significant band shift of LC3B, LC3C and GABARAP in phos-tag gel (Figure 

S3I). Mutating the conserved LC3A S87 site on LC3B (i.e., S87) and LC3C (i.e., S93) 

(Figure S3J) largely but not completely reduced their band shift in phos-tag gel (Figure 

S3K), suggesting that MAP4K2 could phosphorylate other sites on LC3B and LC3C. In line 

with this notion, LC3A S12 and S115 sites are also conserved on LC3B and LC3C (Figure 

S3J). In contrast, none of these identified LC3A phosphorylation sites was conserved on 

GABARAP (Figure S3J). Mutating GABARAP T87, one potential phosphorylation site 

localized in the region nearby the conserved LC3A S87 site, showed only mild effect on 

the MAP4K2-induced GABARAP band shift in phos-tag gel (Figure S3K), suggesting that 

MAP4K2 may phosphorylate GABARAP at different sites. Despite these facts, given the 

critical role of LC3A S87 phosphorylation in MAP4K2-mediated autophagy (Figures 3I–3L, 

S3D and S3E), we majorly focused on the MAP4K2-induced LC3A S87 phosphorylation in 

this study.

MAP4K2-mediated LC3A S87 phosphorylation is required for autophagosome-lysosome 
fusion in autophagic flux

Notably, inhibition of MAP4K2 increased both LC3-I and LC3-II (Figures 2A and 2F) 

but did not affect the activation or expression of key autophagy components/regulators 

like ULK1, AMPK, mTOR and ATG5 (Figure 4A). The accumulated LC3A puncta in 

the MAP4K2 KO cells were partially co-localized with early autophagosome marker 

ATG16L125,26 but displayed extensive co-localization with late autophagosome marker 

STX1727 (Figures 4B and S4A). We hardly detected the co-localization between the 

accumulated LC3A puncta and lysosome marker LAMP1 in the MAP4K2 KO cells (Figures 

4B and S4A). These data together suggest that MAP4K2 acts in the late stage of autophagy.

To determine whether late autophagosomes would be able to fuse with lysosomes in the 

MAP4K2 KO cells, we generated a tandem monomeric mCherry-GFP-LC3A construct to 

measure the autophagosome-lysosome fusion28,29. Autophagosomes that have not fused 

with lysosomes exhibit both GFP and mCherry signals, while after fusion they only show 

mCherry signal, because the GFP signal is sensitive to the acidic condition in the lysosome 

lumen. Glucose starvation and HBSS treatment induced autophagosome-lysosome fusion 

in wild-type cells (i.e., mCherry signal only – red) (Figures 4C and 4D). In contrast, such 

autophagosome-lysosome fusion was abolished in the MAP4K2 KO cells (Figures 4C and 

4D) and MAP4K2 inhibitor TL4–12-treated cells (Figures 4E and 4F) (i.e., both GFP and 

mCherry signals – yellow). As a control, the autophagosome-lysosome fusion inhibitor 

chloroquine largely induced “yellow” LC3A puncta in both wild-type and MAP4K2 KO 

HEK293A cells (Figures 4C and 4D). Interestingly, the mCherry-GFP-LC3A S87A puncta 

mostly showed “yellow” color upon glucose starvation and HBSS treatment, while its S87D 

mutant puncta displayed “red” color (Figures 4G and 4H). Furthermore, expression of 

LC3A S87D mutant but not its S87A mutant largely rescued the autophagosome-lysosome 

fusion in the MAP4K2 KO cells and TL4-12-treated cells (Figures S4B and S4C). 

Collectively, these results show that MAP4K2 facilitates autophagosome-lysosome fusion 

by phosphorylating LC3A at S87.
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Since LC3A S87 site is conserved on LC3B and LC3C (Figure S3J), we examined such 

regulation for LC3B and LC3C. Indeed, the S87A mutation increased the number of LC3B 

puncta (Figures S3L and S3M) and interfered with its autophagosome-lysosome fusion 

(Figures S3N and S3O). Given the large number of LC3C puncta observed in cells, we 

did not observe a significant increase of LC3C S93A mutant puncta (Figures 3L and 

S3M). However, the S93A mutation was able to inhibit the LC3C autophagosome-lysosome 

fusion (Figures S3N and S3O). These data suggest a similar regulation of LC3 proteins in 

autophagic flux by MAP4K2.

LC3A S87 phosphorylation induces autophagosome-lysosome fusion through the 
RAB3GAP1/2-Rab18 pathway

It is known that LC3 drives autophagosome-lysosome fusion by recruiting PLEKHM1 

to induce the recognition/fusion between autophagosomes and lysosomes30,31. LC3 also 

counteracts the FYCO1-mediated kinesin-driven autophagosome movement towards the 

cell periphery, thereby spatially moving autophagosomes to lysosomes31–33. Different from 

the previous study30, we failed to detect the interaction between LC3A and PLEKHM1 

(Figure S4D). LC3A S87A mutant showed reduced interaction with FYCO1 as compared to 

LC3A and its S87D mutant (Figures S4E and S4F). Given the negative role of FYCO1 in 

autophagosome-lysosome fusion31–33, reducing the interaction between FYCO1 and LC3A 

should have promoted the autophagosome-lysosome fusion; however, this was not the case 

based on our data (Figures 4G, 4H, S4B and S4C). These results indicate that LC3A S87 

phosphorylation mediates autophagosome-lysosome fusion through a yet-to-be identified 

mechanism.

To address it, we performed a comparative proteomic analysis for the LC3A- and 

its S87A mutant-associated proteins complexes under glucose starvation condition and 

identified a group of high confident interacting proteins (i.e., SAINT score ≥ 0.8) showing 

significant binding difference between LC3A and its S87A mutant (Figure 5A). Among 

them, two Warburg Micro and Martsolf Syndrome-associated proteins RAB3GAP1 and 

RAB3GAP234–36 were revealed as LC3A-binding proteins, whose interaction with LC3A 

was suppressed by its S87A mutation (Figure 5A). Our pulldown experiments confirmed the 

interaction between LC3A and RAB3GAP1/2 (Figure 5B) and showed that either the S87A 

mutation (Figure 5C) or loss of MAP4K2 (Figure 5D) inhibited the binding of LC3A with 

RAB3GAP1. As controls, the S87A and S87D mutations did not affect the association of 

LC3A with the known LC3-binding proteins p62 (Figure S4G) or NDP52 (Figure S4H). As 

for other tested autophagy proteins like FIP200 (Figure S4I) and NBR1 (Figure S4J), we 

hardly detected their interactions with LC3A or its S87A/D mutants.

Glucose starvation and chloroquine treatment significantly promoted the co-localization of 

RAB3GAP1 with LC3A but not its S87A mutant (Figures 5E and 5G). Loss of MAP4K2 

diminished the localization of RAB3GAP1 to LC3A puncta even under chloroquine-

treated condition but did not affect the co-localization between RAB3GAP1 and LC3A 

S87D mutant (Figures 5F and 5G). The RAB3GAP1/2 complex is known to promote 

autophagosome-lysosome fusion by activating Rab18 and its downstream effectors like 

Vps34 and Rab737–40. To further assess the role of the RAB3GAP1/2 complex in MAP4K2/
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LC3A-induced autophagosome-lysosome fusion, we examined Rab18 in this process. As 

shown in Figures 5H and 5I, expression of Rab18 constitutively active mutant (Q67L), 

but not its inactive mutant (S22N), largely rescued the mCherry-GFP-LC3A-indicated 

autophagosome-lysosome fusion in the HBSS-treated MAP4K2 KO cells. Additionally, 

expression of Rab18 Q67L mutant rescued the autophagosome-lysosome fusion of mCherry-

GFP-LC3A S87A mutant in the HBSS-treated HEK293A cells, while expressing its S22N 

inactive mutant failed to do so (Figures 5J and 5K). Furthermore, expressing Rab18 Q67L 

mutant but not its S22N mutant significantly rescued MAP4K2 KO cell viability under 

glucose starvation condition (Figures S4K and S4L).

Collectively, these results suggest that MAP4K2-mediated LC3A S87 phosphorylation acts 

through the RAB3GAP1/2-Rab18 pathway to drive autophagosome-lysosome fusion.

MAP4K2 is autophosphorylated at S170 for activation

To determine the regulation of MAP4K2 under stress conditions, we predicted that 

MAP4K2 could be modulated by autophosphorylation, because MAP4K2 belongs to 

STE20-like kinase family and some of this kinase family members like MST1/2 are known 

to activate themselves via autophosphorylation41–45. By taking MST1/2 as controls, we 

identified S170 as a potential autophosphorylation site for MAP4K2, which is localized in 

the kinase domain of MAP4K2 and conserved in different species including its Drosophila 
ortholog Happyhour (Hppy) (Figure 6A). Indeed, MAP4K2 can homodimerize (Figure 6B). 

MAP4K2 kinase dead mutation (K45R) significantly inhibited its S170 phosphorylation 

(Figure 6C). MAP4K2 S170 phosphorylation was also largely reduced upon TL4–12 

treatment (Figure 6D). Expressing wild-type MAP4K2 induced the phosphorylation of 

its kinase dead mutant (K45R) at S170 in the MST/MAP4K-8KO cells (Figure 6E). 

Interestingly, the S170A mutation inhibited the abilities of MAP4K2 to phosphorylate 

LATS1 at T1079 (Figure S1F), to rescue YAP cytoplasmic translocation in the MST/

MAP4K-8KO cells (Figure S5A), to phosphorylate LC3A in vitro (Figure 6F), and to 

reduce the number of LC3A puncta in the MAP4K2 KO cells (Figures 6G and 6H). Loss of 

the LIR motif did not affect MAP4K2 S170 phosphorylation (Figure S5B). These findings 

together demonstrate that MAP4K2 is autophosphorylated at S170, which is required for its 

activation.

Glucose starvation activates MAP4K2 by targeting its binding with STRIPAKSTRN4

Among the tested stress conditions, glucose starvation and HBSS treatment significantly 

increased MAP4K2 S170 phosphorylation (Figure 6I), while serum starvation (Figure 6J) 

and amino acids starvation (Figure 6K) failed to do so. Consistently, glucose starvation 

increased LC3A S87 phosphorylation (Figure 6L and S5C), while this was not the case for 

other tested stress conditions like serum starvation (Figure S5D) or amino acids starvation 

(Figure S5E). Together with the previous findings (Figures 2K–2N), these results suggest a 

unique role of MAP4K2 in driving autophagy in response to energy stress.

Since MAP4Ks are negatively regulated by the STRIPAK complex via its component 

STRN411, we examined whether STRIPAKSTRN4 was involved in energy stress-induced 

MAP4K2 activation. Indeed, depleting STRN4 largely increased the phosphorylation of 
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MAP4K2 at S170 (Figure 6M), while overexpressing STRN4 inhibited it (Figure S5F). 

Furthermore, glucose starvation failed to further enhance MAP4K2 S170 phosphorylation in 

the STRN4 KO cells (Figure 6N), suggesting a critical role of STRIPAKSTRN4 in control 

of MAP4K2 activation by energy stress. We did not observe a significant change of the 

STRIPAK complex formation upon glucose starvation (Figure S5G) but found that the 

interaction between STRN4 and MAP4K2 was largely reduced under glucose starvation 

condition (Figure 6O). As controls, serum starvation and amino acids starvation did not 

affect the association of MAP4K2 with STRN4 (Figures 6P and 6Q). Taken together, 

these results show that energy stress activates MAP4K2 by reducing its binding with the 

STRIPAKSTRN4 complex.

MAP4K2 is highly expressed in head and neck cancer

Cancer cells are able to survive when exposed to stress conditions by using autophagy to 

meet their high metabolic and energetic demands of proliferation46–49. Given the critical role 

of MAP4K2 in driving autophagy, we examined MAP4K2 in human cancer.

Interestingly, MAP4K2 was highly expressed in head and neck cancer (HNC) as compared 

to normal tissue (Figure 7A). Elevated MAP4K2 was correlated with poor overall survival 

rate for HNC patients (Figure 7B). We also detected a high level of MAP4K2 in the 

tested HNC cells as compared to a normal mammary epithelial cell line MCF10A 

(Figure 7C). We failed to obtain the MAP4K2 KO HNC cells, thus turned to using 

shRNAs to knockdown MAP4K2 in the HNC cells (Figure S6A). Consistent with the 

findings observed in HEK293A cells, MAP4K2 shRNA-transduced HNC cells showed 

increased LC3 expression (Figure S6A), accumulated LC3A puncta (Figure S6B), impaired 

autophagosome-lysosome fusion (Figures S6C and S6D), and reduced cell viability under 

glucose starvation condition (Figures S6E–S6H). MAP4K2 inhibitor TL4–12 treatment also 

increased LC3A puncta in the HNC cells (Figure S6B). Downregulation of MAP4K2 

diminished LC3A S87 phosphorylation in the HNC cells (Figure S6I). Expressing LC3A 

S87D mutant but not its S87A mutant significantly rescued the MAP4K2 shRNA-transduced 

HNC cell viability under glucose starvation condition (Figures S6J–S6O). These results 

consistently show a critical role of MAP4K2 in regulating autophagy in HNC cells. We 

further examined the expression of MAP4K2 in HNC patient samples and found that 

MAP4K2 was highly expressed in multiple types of head and neck carcinomas, such as 

the tumors in larynx (84%) and tongue (100%) (Figures 7D, S7A and S7B). The LC3A and 

its S87 phosphorylation levels were also elevated in these HNC patient samples (Figures 

7D, S7A and S7B). These data together indicate a potentially oncogenic role of MAP4K2 in 

HNC development.

MAP4K2-mediated autophagy is required for head and neck cancer development

To test this hypothesis, we chose a tongue-derived HNC cell line CAL-27 for an orthotopic 

xenograft study. Indeed, loss of MAP4K2 dramatically suppressed the CAL-27 tumor 

growth in mouse tongue tissues (Figures S7C, 7E and 7F). Reconstitution of LC3A S87D 

mutant, but not its S87A mutant, largely rescued MAP4K2-deficient CAL-27 xenograft 

tumor growth in mouse tongues (Figures S7D–S7F). In addition, TL4–12 treatment 

significantly inhibited the CAL-27 xenograft tumor growth in mouse tongues (Figures S7G 
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and S7H), while expressing LC3A S87D mutant but not its S87A mutant largely attenuated 

the TL4–12-induced inhibitory effect on the tumor growth (Figures S7G and S7H). These 

results demonstrate an oncogenic role of MAP4K2 in HNC development by facilitating 

autophagy.

To further verify our findings in a model resembling the clinical setting, we assessed the 

antitumor effect of TL4–12 using the patient-derived xenograft (PDX) models developed 

from the tumors of two HNC patients. Indeed, TL4–12 treatment significantly inhibited 

PDX tumor size and weight (Figures S7I and 7G–7I) but had no or mild effect on the mouse 

body weight (Figure 7J). These data suggest MAP4K2 inhibitor TL4–12 as an effective 

therapeutic agent for head and neck cancer.

Discussion

Autophagy can be triggered by various stresses, whereas the MAP4K2-mediated autophagy 

specifically responds to energy stress as evidenced by the following facts. First, MAP4K2-

deficient cells were highly sensitive to glucose starvation and HBSS treatment but not 

serum starvation or amino acids starvation (Figures 2K–2N). Second, expressing LC3A 

phosphomimic S87D mutant rescued MAP4K2 KO cell viability under energy stress 

conditions (Figures 3K and 3L). Third, MAP4K2 activity (Figures 6I–6K) and LC3A S87 

phosphorylation (Figures 6L and S5C–S5E) were specifically induced by energy stress. 

Lastly, only glucose starvation but not serum starvation or amino acids starvation targeted 

the interaction of MAP4K2 with its upstream inhibitor STRIPAKSTRN4 (Figures 6O–6Q). 

These findings pinpoint a MAP4K2-centered signaling cascade facilitating autophagy and 

cell survival in response to energy stress.

Our study presents a critical role of the STRIPAK complex in transducing energy stress 

to MAP4K2 and its downstream events. Since STRIPAK also mediates the signals of 

growth factors (e.g., serum, lysophosphatidic acid) to regulate the Hippo pathway50, our 

findings further highlight STRIPAK as an essential Hippo component integrating upstream 

signaling events into the effects on the Hippo core kinase cascade. In line with this notion, 

discovering the role of STRIPAK in transducing energy stress to MAP4K2 could shed 

light on the poorly characterized mechanism underlying the glucose/energy homeostasis-

dependent Hippo pathway regulation.

Although the RAB3GAP1/2-Rab18 pathway was shown to participate in the MAP4K2/

LC3A-induced autophagosome-lysosome fusion (Figure 5) and cell survival (Figures S4K 

and S4L), we did not further characterize its downstream events involved in this process, 

as previous studies have provided evidence for so. The RAB3GAP1/2 complex promoted 

autolysosome formation by activating Rab18 to bind Vps34 complex39. Activated Rab18 

cooperated with Rab7 to induce autophagosome maturation and its subsequent fusion with 

lysosome 51. Our unpublished TAP-MS analysis of the Rab18-Q67L- and Rab18-S22N-

associated protein complexes further revealed potential downstream effectors of Rab18 

known involved in autophagosome-lysosome fusion, such as LAMP252, Rab751,53, NSF/

SNARE54, CAMK2A/D55, providing additional insights into the role of the RAB3GAP1/2-

Rab18 pathway in this process.
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The Hippo pathway has been connected with autophagy through other mechanisms. MST1/2 

activate autophagy by phosphorylating LC3B at T3556, which antagonizes the FYCO1-

dependent directional transport of autophagosome57. MST1 phosphorylates Beclin1 at T108 

to target the Atg14L-Beclin1-Vps34 complex and inhibit autophagy58. MST1 also functions 

together with RASSF1 to initiate autophagy by restricting PI3K-AKT-mTOR pathway59. 

YAP and TAZ regulate autophagy by promoting the transcription of genes involved in 

autophagosome formation60 and autophagic flux61 in response to mechanical cues. Here, 

unveiling the Hippo components STRIPAK and MAP4K2 as regulators of autophagy not 

only underscored the crucial role of the Hippo pathway in this key survival machinery, but 

also enriched our understanding of the Hippo pathway in stress response, tissue homeostasis 

and cancer from a different perspective.

Limitations of the study

First, our current study is majorly focused on the role of MAP4K2 in facilitating autophagic 

flux by phosphorylating LC3A at S87; however, whether MAP4K2 exerts other functions 

in autophagy remains to be elucidated. For example, MAP4K2 also phosphorylates S12 and 

S115 on LC3A (Figures S3F–S3H). Among them, LC3A S12 is known to be phosphorylated 

by PKA and PKCλ/τ to induce neurite growth62 and inhibit liver tumorigenesis63, 

respectively. In addition, MAP4K2 binds and phosphorylates other ATG8-family proteins 

(Figures 1B and S3I), which are known to have different functions in autophagy64. These 

facts indicate a complex role of MAP4K2 in autophagy through ATG8-family proteins, 

which deserves further investigation.

Second, although energy stress activates MAP4K2 by diminishing its association with 

STRIPAK (Figures 6M–6O, S5F and S5G), the underlying mechanism remains unknown. 

Moreover, given the critical role of STRIPAK in restricting the MAP4Ks activities11, it 

will be interesting to determine whether other MAP4K-family kinases would be similarly 

regulated by energy stress.

Third, in contrast to the known tumor suppressive role of the Hippo pathway in cancer, our 

study revealed MAP4K2 as an oncogenic kinase and a potential therapeutic target in head 

and neck cancer through autophagy (Figures 7 and S7). This is consistent with previous 

findings showing a pivotal role of autophagy in head and neck cancer development65–67. 

Since autophagy has been suggested as a therapeutic target for different types of cancers, 

whether MAP4K2 can be targeted for treating other autophagy-dependent cancers deserves 

to be further investigated.

STAR Methods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Dr. Wenqi Wang (wenqiw6@uci.edu).

Materials Availability

Any reagents that are unique to this study will be made available upon request.
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Data and Code Availability

• All original imaging data are available Mendeley data. All data are publicly 

available as of the date of publication. Accession numbers and DOI are listed in 

the key resources table.

• This paper does not report any original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental Model and Study Participant Details

Cell Lines—HEK293T (a female cell line, ATCC: CRL-3216), MCF10A (a female cell 

line, ATCC: CRL-10317), Hep3B (a male cell line, ATCC: HB-8064), HepG2 (a male 

cell line, ATCC: HB-8065), MDA-MB-231 (a female cell line, ATCC: CRM-HTB-26), and 

HeLa (a female cell line, ATCC: CRM-CCL-2) cell lines were purchased from ATCC and 

kindly provided by Dr. Junjie Chen (MD Anderson Cancer Center). HEK293A (a female 

cell line, Thermo Fisher Scientific: R70507) cell line was kindly provided by Dr. Jae-Il Park 

(MD Anderson Cancer Center). FaDu (a male cell line, ATCC: HTB-43), CAL-27 (a male 

cell line, ATCC: CRL-2095), A-253 (a male cell line, ATCC: HTB-41), SCC-4 (a male cell 

line, ATCC: CRL-1624), BxPC3 (a female cell line, ATCC: CRL-1687), and PANC1 (a 

male cell line, ATCC: CRL-1469) cell lines were purchased from ATCC.

HEK293T, HEK293A, CAL-27, PANC1, Hep3B, HepG2, MDA-MB-231 and HeLa cells 

were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 

10% fetal bovine serum at 37 °C in 5% CO2 (v/v). MCF10A cells were maintained in 

DMEM/F12 medium supplemented with 5% horse serum, 200 ng/mL epidermal growth 

factor, 500 ng/mL hydrocortisone, 100 ng/mL cholera toxin and 10 μg/mL insulin at 37 

°C in 5% CO2 (v/v). FaDu cells were maintained in minimum essential medium (MEM) 

supplemented with 10% fetal bovine serum at 37 °C in 5% CO2 (v/v). A-253 cells were 

grown in McCoy’s 5A medium with 10 % fetal bovine serum at 37 °C in 5% CO2 (v/v). 

SCC-4 cells were cultured in DMEM/F12 medium supplemented with 10% fetal bovine 

serum and 400 ng/mL hydrocortisone at 37 °C in 5% CO2 (v/v). BxPC3 cells were cultured 

in RPMI-1640 medium supplemented with 10% fetal bovine serum at 37 °C in 5% CO2 

(v/v). All the culture media contain 1% penicillin and streptomycin.

Animals—The lipid droplet study was followed institutional guidelines, approved by the 

Institutional Animal Care and Use Committee (IACUC; protocol number AUP-19-112) of 

the University of California, Irvine, and performed under veterinary supervision. Four-week-

old female C57BL/6 mice were purchased from Jackson Laboratory and used for the liver 

lipid droplet study.

The orthotopic xenograft tumor experiments were followed institutional guidelines, 

approved by the Institutional Animal Care and Use Committee (IACUC; protocol number 

AUP-19-112) of the University of California, Irvine, and performed under veterinary 

supervision. Eight-week-old female athymic nude (nu/nu) mice were purchased from 

Jackson Laboratory and used for the orthotopic xenograft study.
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The patient-derived xenograft (PDX) tumor experiments were followed institutional 

guidelines, approved by the Institutional Animal Care and Use Committee (IACUC; 

protocol number L025501202212006) of Sun Yat-sen University Cancer Center, and 

performed under veterinary supervision. Six-week-old female NOD-SCID-IL2rg (NSG) 

mice were purchased from Biocytogen Pharmaceuticals (Beijing) and used for the PDX 

study.

All the mice were kept in a pathogen-free environment.

Method Details

Antibodies and Chemicals—For Western blotting, anti-Flag (M2) (F3165–5MG, 

1:5000 dilution), anti-Flag (M2)-peroxidase (HRP) (A8592-1MG, 1:5000 dilution), anti-α-

tubulin (T6199-200UL, 1:5000 dilution), and anti-β-actin (A5441-100UL, 1:5000 dilution) 

antibodies were obtained from Sigma-Aldrich. Anti-Myc (sc-40, 1:500 dilution), anti-

SLMAP (sc-100957, 1:1000 dilution), and anti-MOB4 (sc-137228, 1:1000 dilution) 

antibodies were purchased from Santa Cruz Biotechnology. Anti-hemagglutinin (HA) 

antibody (MMS-101P, 1:3000 dilution) was obtained from BioLegend. Anti-STRN 

(A304-537A, 1:1000 dilution), anti-STRN4 (A304-573A-T, 1:1000 dilution), and anti-

FAM40A/STRIP1 (A304-644A, 1:1000 dilution) antibodies were obtained from FORTIS 

Life Sciences. Anti-phospho-YAP (S127) (4911S, 1:1000 dilution), anti-LC3A/B (12741S, 

1:500 dilution), anti-SQSTM1/p62 (88588S, 1:500 dilution), anti-GAPDH (5174S, 1:2,000 

dilution), anti-phospho-ULK1 (Ser555) (5869S, 1:1000 dilution), anti-phospho-ACC 

(Ser79) (3661S, 1:1000 dilution), anti-phospho-p70 S6K (Thr389) (9234S, 1:500 dilution), 

anti-ATG5 (2630S, 1:1000 dilution), anti-PP2A C (2038S, 1:1000 dilution), anti-phospho-

AKT (Ser473) (4060s, 1:1000 dilution), and anti-phospho-p44/42 MAPK (ERK1/2) 

(Thr202/Tyr204) (4370S, 1:2000 dilution) antibodies were purchased from Cell Signaling 

Technology. Anti-phospho-MAP4K2 (Ser170) antibody (AB-PK646, 1:1000 dilution) was 

purchased from Kinexus. Anti-phospho-LC3A (Ser87) antibody (1:500 dilution) was raised 

by immunizing a rabbit with keyhole limpet hemocyanin-conjugated phospho-peptide 

CQAFFLLVNQH(phospho-S)MVSVSTPI and affinity purified using SulfoLink peptide 

Coupling Resin (Thermo Fisher Scientific). Anti-MAP4K2 antibody (1:200 dilution) was 

raised by immunizing a rabbit with a bacterially expressed and purified MBP-MAP4K2 

fusion protein containing the 293~550 amino acids of human MAP4K2. Anti-GST antibody 

(1:5000 dilution) was raised by immunizing a rabbit with bacterially expressed and 

purified full-length GST protein. Anti-CTTNBP2NL antibody (1:200 dilution) was raised 

by immunizing a rabbit with a bacterially expressed and purified MBP-CTTNBP2NL fusion 

protein containing the 571~820 amino acids of human CTTNBP2NL. Anti-YAP antibody 

(1:1,000 dilution) was generated as described previously68, which was raised by immunizing 

a rabbit with bacterially expressed and purified GST-YAP full-length fusion protein. All the 

antisera were affinity-purified using AminoLink Plus Immobilization and Purification Kit 

(Pierce).

For immunofluorescent staining, anti-YAP antibody (sc-101199, 1:200 dilution) was 

purchased from Santa Cruz Biotechnology. Anti-LC3A/B antibody (12741S, 1:100 dilution) 

was obtained from Cell Signaling Technology. Anti-Flag (M2) (F3165-5MG, 1:2000 
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dilution) and anti-Flag (F7425-.2MG, 1:2000 dilution) antibodies were purchased from 

Sigma-Aldrich.

For immunohistochemical staining, anti-LC3A antibody (4599S, 1:200 dilution) was 

purchased from Cell Signaling Technology. Anti-MAP4K2 antibody (1:50 dilution) was 

raised by immunizing a rabbit with a bacterially expressed and purified MBP-MAP4K2 

fusion protein containing the 293~550 amino acids of human MAP4K2. Anti-phospho-

LC3A (Ser87) antibody (1:50 dilution) was raised by immunizing a rabbit with keyhole 

limpet hemocyanin-conjugated phospho-peptide CQAFFLLVNQH(phospho-S)MVSVSTPI 

and affinity purified using SulfoLink peptide Coupling Resin (Thermo Fisher Scientific).

TL4-12 (#5910, 10 mg) was purchased from TOCRIS.

Constructs and Viruses—Plasmids encoding the indicated genes were obtained from 

the Human ORFeome V5.1 library or purchased from the DNASU Plasmid Repository. 

All constructs were generated via polymerase chain reaction (PCR) and sub-cloned into 

a pDONOR201 vector using Gateway Technology (Thermo Fisher Scientific) as entry 

plasmids. Gateway-compatible destination vectors with the indicated SFB tag, GST tag, 

GFP tag, mCherry tag, HA tag, Myc tag, tandem mCherry-GFP tag were used to express 

various fusion proteins. For tandem affinity purification (TAP), entry plasmids were 

subsequently recombined into a lentiviral gateway-compatible destination vector for the 

expression of SFB-tagged fusion proteins. PCR-based mutagenesis was used to generate the 

indicated site mutations. The pEntry-FYCO1 construct was kindly provided by Dr. Terje 

Johansen (University of Tromsø, Norway).

The MAP4K2 pLKO.1 shRNAs were purchased from Sigma-Aldrich. The sequence 

information of MAP4K2 shRNAs used for MAP4K2 knockdown studies is as follows:

MAP4K2 shRNA-1#: CAGTTTCACCAGGTGAAATTT (#TRCN0000195052);

MAP4K2 shRNA-2#: CGCCTGCTTCTCCAAGGTCTT (#TRCN0000199054);

Control shRNA: CCTAAGGTTAAGTCGCCCTCG (Addgene plasmid # 136035).

Lentiviral supernatants were generated by transient transfection of HEK293T cells with 

the helper plasmids pSPAX2 and pMD2G (kindly provided by Dr. Zhou Songyang, 

Baylor College of Medicine) and harvested 48 hours later. Supernatants were passed 

through a 0.45-μm filter and used to infect cells with the addition of 8 μg/mL 

hexadimethrine bromide (Polybrene) (Sigma-Aldrich). Plasmid transfection was performed 

using a polyethyleneimine (PEI) reagent.

Tandem Affinity Purification Coupled with Mass Spectrometry (TAP-MS) 
Analysis—The TAP-MS analysis was performed as described previously18,69. Briefly, 

HEK293T cells stably expressing SFB-tagged MAP4K2 and the indicated ATG8-family 

proteins were generated by culturing in medium containing 2 μg/mL puromycin and 

validated by immunostaining and Western blotting. The HEK293T stable cells were lysed 

in NETN buffer containing protease and phosphatase inhibitors at 4 °C for 20 minutes. The 
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crude lysates were centrifuged at 13,000 rpm for 15 minutes at 4 °C. The supernatants were 

incubated with streptavidin-conjugated beads (GE Healthcare) at 4 °C for 4~6 hours. The 

beads were then washed 3 times with NETN buffer, and the bound proteins were eluted 

with NETN buffer containing 2 mg/mL biotin (Sigma-Aldrich) at 4 °C overnight. The elutes 

were incubated with S protein beads (Novagen) at 4 °C for 4 hours. The beads were washed 

three times with NETN buffer and subjected to sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE). Each sample was run into the separation gel for a short 

distance, so that the whole bands could be excised as one sample.

The excised gel sample was cut into approximately 1-mm3 pieces. The gel pieces were 

then subjected to in-gel trypsin digestion70 and dried. Samples were reconstituted in 5 μL 

of high-performance liquid chromatography (HPLC) solvent A (2.5% acetonitrile, 0.1% 

formic acid). A nanoscale reverse-phase HPLC capillary column was created by packing 

5-μm C18 spherical silica beads into a fused silica capillary (100 μm inner diameter × ~20 

cm length) with a flame-drawn tip. After the column was equilibrated, each sample was 

loaded onto the column via a Famos autosampler (LC Packings). A gradient was formed, 

and peptides were eluted with increasing concentrations of solvent B (97.5% acetonitrile, 

0.1% formic acid). As the peptides eluted, they were subjected to electrospray ionization 

and then entered into an LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). 

The peptides were detected, isolated, and fragmented to produce a tandem mass spectrum of 

specific fragment ions for each peptide. Peptide sequences (and hence protein identity) were 

determined by matching protein databases with the fragmentation pattern acquired by the 

software program SEQUEST (ver. 28) (Thermo Fisher Scientific). Enzyme specificity was 

set to partially tryptic with 2 missed cleavages. Modifications included carboxyamidomethyl 

(cysteines, fixed) and oxidation (methionine, variable). Mass tolerance was set to 5 ppm for 

precursor ions and 0.5 Da for fragment ions. The database searched was UniProt. Spectral 

matches were filtered to contain a false discovery rate of less than 1% at the peptide 

level using the target-decoy method71, a simple and powerful way to deliver false positive 

estimations applied to MS/MS workflow. The protein inference was considered followed the 

general rules72 with manual annotation based on experience applied when necessary. Briefly, 

computational tools, protein sequence databases, identification of mature forms of proteins, 

quantitative proteomics, integration of proteomic and transcriptional data, integration of 

multiple shotgun proteomic datasets and gene-centered data interpretation were considered 

for protein inference. This same principle was used for isoforms when they were present in 

the database. The longest isoform was reported as the match.

Immunofluorescent Staining—Immunofluorescent staining was performed as described 

previously73. Briefly, cells cultured on coverslips were fixed with 4% paraformaldehyde for 

10 minutes at room temperature and then extracted with 0.5% Triton X-100 solution for 

5 minutes. After blocking with Tris-buffered saline with Tween 20 containing 1% bovine 

serum albumin, the cells were incubated with the indicated primary antibodies for 1 hour 

at room temperature. After that, the cells were washed and incubated with fluorescein 

isothiocyanate-, rhodamine- or Cy5-conjugated secondary antibodies for 1 hour. Cells were 

counterstained with 100 ng/mL 4′,6-diamidino-2-phenylindole (Dapi) for 2 minutes to 
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visualize nuclear DNA. The cover slips were mounted onto glass slides with an anti-fade 

solution and visualized under a Nikon Ti2-E inverted microscope.

Gene Inactivation by the CRISPR/Cas9 System—To generate knockout cells, five 

distinct single-guide RNAs (sgRNA) were designed by CHOPCHOP website (https://

chopchop.rc.fas.harvard.edu), cloned into lentiGuide-Puro vector (Addgene plasmid # 

52963), and transfected into HEK293A cells with lentiCas9-Blast construct (Addgene 

plasmid # 52962). The next day, cells were transiently selected with puromycin (2 μg/ml) 

for two days and sub-cloned to form single colonies. Knockout cell clones were screened 

by Western blot to verify the loss of target protein expression. The MST/MAP4K-8KO 

HEK293A cells were kindly provided by Dr. Kun-Liang Guan (University of California, 

San Diego). The STRN4 KO HEK293A cells were generated as described previously11. The 

sequence information for sgRNAs used for MAP4K2 knockout cell generation is as follows:

MAP4K2_sgRNA1: TGTAGGCCACCACATTGGGG;

MAP4K2_sgRNA2: ATGTGTCGCTGCAGGACCCG;

MAP4K2_sgRNA3: GCGACGTCTACAAGGTGCGA;

MAP4K2_sgRNA4: GTAGACGTCGCCATAGGTCC;

MAP4K2_sgRNA5: TCTACAAGGTGCGACGGGAC.

Transmission Electron Microscopy (TEM) Analysis—Cells were primarily fixed 

with paraformaldehyde/glutaraldehyde and followed by OsO4. After washing, cells were 

dehydrated, washed three times with 100% ethanol, and incubated with propylene:resin 

solution (50:50, v/v) overnight at room temperature. Cells were further incubated with the 

propylene:resin solution (50:50, v/v) for another two hours to evaporate propylene oxide. 

After that, cells were incubated with 100% resin at 60 °C for two days. The cell sections 

(120 nm) were processed using a ultramicrotome (EM UC7, Leica Microsystems GmbH, 

Vienna) and sequentially stained with uranyl acetate and lead citrate before imaging under 

a transmission electron microscope (JEM-2100F, JEOL USA). The images were captured 

using a CCD digital camera (OneView, Gatan Inc, USA). To produce the picture of whole 

cell morphology, multiple images were first acquired as a stack of frames by SerialEM and 

then stitched into a montage using IMOD software package (IMOD, University of Colorado, 

USA).

Oil Red O Staining—Fresh liver samples were collected in OCT compound, rapidly 

frozen in a dry ice-ethanol bath, and processed as frozen sections by UCI Experimental 

Tissue Resource (ETR) facility. The frozen sections were air-dried for 60 min at room 

temperature and fixed in ice cold 10% formalin for 10 min. The tissue slides were then 

washed with 60% isopropanol, stained with oil red O solution for 15 min, counterstained 

with hematoxylin, and washed with distilled water.

In Vitro Kinase Assay—SFB-MAP4K2 or its mutant (i.e., K45R, S170A and ΔLIR) was 

expressed in HEK293T cells and purified using S protein beads. The isolated kinase was 
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washed three times in washing buffer (40mM HEPES and 250 mM NaCl) and once in kinase 

buffer (30 mM HEPES, 50 mM potassium acetate and 5 mM MgCl2), and subjected to the 

kinase assay in the presence of cold ATP (500 μM). Bacterially purified GST-tagged ATG8-

family proteins and their indicated mutants or MBP-LATS1-C3 were used as substrates. The 

reaction mixture was incubated at 30 °C for 30 min, terminated with SDS loading buffer, 

and subjected to SDS-PAGE. The MAP4K2-induced LC3A phosphorylation was examined 

using anti-phospho-LC3A (S87) antibody. Phosphorylation of LATS1-hydrophobic motif 

(HM) was determined by anti-phospho-LATS1 (T1079) antibody. To make phos-tag gel, 60 

μL 5 mM phos-tag acrylamide (AAL-107, FUJIFILM Wako Chemicals) prepared in 3% 

(v/v) methanol and 120 μL 10 mM MnCl2 solution were added into 12 mL regular 7.5% 

acrylamide resolving gel solution. Protein samples were loaded into regular stacking gel and 

phos-tag-containing resolving gel for SDS-PAGE analysis.

Phosphorylation Site Analysis by Liquid Chromatography Tandem Mass 
Spectrometry (LC MS/MS)—To identify the MAP4K2 phosphorylation site on LC3A, 

bacterially expressed and purified GST-LC3A protein was subjected to MAP4K2 in vitro 
kinase assay as substrate and analyzed by mass spectrometry. Chymotrypsin (V106A) was 

purchased from Promega and used for protein digestion. Peptide digests were analyzed by 

LC MS/MS utilizing an UltiMate 3000 UHPLC (Thermo Fisher Scientific) coupled on-line 

to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific) as previously 

described74. Protein identification and phosphorylation characterization were done with 

database searching using Protein Prospector. All MS/MS spectra for phosphorylated 

peptides were further inspected manually.

Immunohistochemical Analysis—The head and neck cancer tissue arrays (HN802c and 

HN242b) were purchased from US Biomax, Inc. According to the Declaration of Specimen 

Collection provided by US Biomax, each specimen collected from any clinic was consented 

by both hospital and individual.

The head and neck cancer tissue arrays were deparaffinized and rehydrated. The antigens 

were retrieved by applying Unmask Solution (Vector Laboratories) in a steamer for 

40 min. To block endogenous peroxidase activity, the sections were treated with 3% 

hydrogen peroxide for 30 min. After one hour of pre-incubation in 10% goat serum 

to prevent non-specific staining, the samples were incubated with an antibody at 4 °C 

overnight. The sections were incubated with SignalStain Boost detection reagent at room 

temperature for 30 min. Color was developed with SignalStain 3,3’-diaminobenzidine 

chromogen-diluted solution (all reagents were obtained from Cell Signaling Technology). 

Sections were counterstained with Mayer hematoxylin. To quantify the results, a total score 

of protein expression was calculated from both the percentage of immunopositive cells and 

immunostaining intensity. High and low protein expressions were defined using the mean 

score of all samples as a cutoff point. Pearson chi-square analysis test was used for statistical 

analysis with tissue type (normal versus tumor).

Animal Studies—The lipid droplet study was followed institutional guidelines, approved 

by the Institutional Animal Care and Use Committee (IACUC; protocol number 

AUP-19-112) of the University of California, Irvine, and performed under veterinary 
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supervision. Specifically, four-week-old female C57BL/6 mice were intraperitoneally 

injected with vehicle control or TL4-12 (15 mg/kg) once a day for a week and then fasted 

for 16 hours. Mouse liver tissues were collected and fixed in formalin and OCT compound 

for histological study and oil red O staining, respectively.

The orthotopic xenograft tumor experiments were followed institutional guidelines, 

approved by the Institutional Animal Care and Use Committee (IACUC; protocol number 

AUP-19-112) of the University of California, Irvine, and performed under veterinary 

supervision. The indicated CAL-27 cells (0.5 × 106) were injected into the tongue tissues 

of eight-week-old female nude mice. Mice were euthanized for tumor collection and 

analysis around 15~17 days post injection. As for the TL4-12 treatment experiments, 

eight-week-old female nude mice were randomly assigned to groups for the indicated cell 

injections and treatments. As for the treatment, vehicle control or TL4–12 (15 mg/kg) were 

intraperitoneally injected once a day for a week and then every other day for another week. 

The tumor volume was calculated using the standard formula V=length × width2/2.

The patient-derived xenograft (PDX) tumor experiments were followed institutional 

guidelines, approved by the Institutional Animal Care and Use Committee (IACUC; 

protocol number L025501202212006) of Sun Yat-sen University Cancer Center, and 

performed under veterinary supervision. Tumor tissues obtained from two cancer patients 

with tongue squamous carcinoma were developed into the two patient-derived xenografts 

(PDX) lines (Sun Yat-sen University Cancer Center). The PDX lines were implanted into 

the flank of six-week-old female NOD-SCID-IL2rg (NSG) mice for the PDX tumor study 

as previously described75. When tumors became palpable, the tumor-bearing mice were 

randomly assigned to two groups (5 mice per group). As for the treatment, vehicle control 

or TL4-12 (15 mg/kg) were intraperitoneally injected once a day for a week and then every 

other day for another two weeks. Tumor size was measured every 3 days using a caliper, and 

tumor volume was calculated using the standard formula V=length × width2/2.

Quantification and Statistical Analysis—Each experiment was repeated twice or 

more, unless otherwise noted. There were no samples excluded for the analyses in this 

study. The Student’s t-test was used to analyze the differences between groups. Data were 

analyzed by Student’s t-test, Pearson chi-square analysis, or log-rank (Mantel-Cox) test. SD 

was used for error estimation. p value < 0.05 was considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Hippo kinase MAP4K2 drives autophagy and cell survival upon energy stress

• MAP4K2 phosphorylates LC3A at S87 to drive autophagic flux

• Energy stress targets the MAP4K2-STRIPAKSTRN4 complex formation to 

activate MAP4K2

• MAP4K2-mediated autophagy is required for head and neck cancer 

development
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Figure 1. MAP4K2 binds ATG8 family of autophagy proteins.
(A) TAP-MS analysis reveals ATG8-family proteins as MAP4K2-binding proteins. The 

numbers of unique and total peptides for each identified protein are shown.

(B) Validation of the interaction between MAP4K2 and ATG8-family proteins. The 

indicated SFB-tagged constructs were expressed in HEK293T cells, incubated with the 

indicated bacterially purified GST-tagged proteins, and subjected to pulldown assay using 

glutathione agarose beads. CBS, Coomassie blue staining.

(C) LC3A strongly interacts with MAP4K2 among the MAP4K-family kinases.

(D) One LIR motif is identified in MAP4K2.

(E) The LIR motif is required for the interaction between MAP4K2 and LC3A. ΔLIR, 

MAP4K2 LIR deletion mutant.

(F) The LIR motif is required for the localization of MAP4K2 onto LC3A puncta. The 

constructs encoding SFB-tagged MAP4K2 and GFP-tagged LC3A were co-expressed in 

HEK293A cells, treated with DMSO or chloroquine (200 μM) for 2 hours, and subjected to 
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immunofluorescent staining. The indicated regions in the box are shown 3 times enlarged. 

Scale bar, 20 μm.

See also Figure S1 and Table S1.
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Figure 2. MAP4K2 is required for autophagy and cell survival under energy stress.
(A) Validation of the MAP4K2 knockout (KO) cells. Western blot was performed using the 

indicated antibodies. Cells were cultured in normal media.

(B-C) Loss of MAP4K2 increases GFP-LC3A puncta. The construct encoding GFP-LC3A 

was expressed in the indicated cells (B). The number of GFP-LC3A puncta was quantified 

(mean ± s.d.) (C). *** p < 0.001 (Student’s t-test). Scale bar, 20 μm. Cells were cultured in 

normal media.

(D) MAP4K2 KO cells show accumulated vesicle-like structures. Transmission electron 

microscopy (TEM) analysis was performed for the indicated cells. Arrows indicate the 

accumulated vesicle-like structures. Cells were treated with chloroquine (200 μM) for 2 

hours. N, nucleus. Scale bar, 4 μm.

(E) Validation of TL4-12 in targeting MAP4K2 activity. The MST/MAP4K-8KO cells were 

reconstituted with SFB-tagged MAP4K2, treated with DMSO or TL4-12 (20 μΜ) for 24 

hours, and subjected to immunofluorescent staining using YAP antibody. Around 200 cells 
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in total were randomly selected and quantified for the YAP subcellular localization based on 

the average fluorescence intensity for YAP between nucleus (N) and cytoplasm (C) in each 

cell (mean ± s.d.).

(F) TL4-12 treatment increases LC3 and p62 expression. HEK293A cells were treated with 

DMSO or TL4-12 (20 μΜ) for 24 hours.

(G-H) TL4-12 treatment increases GFP-LC3A puncta. HEK293A cells were transfected 

with GFP-LC3A construct and treated with DMSO or TL4–12 (20 μΜ) for 24 hours (G). 

The number of GFP-LC3A puncta was quantified (mean ± s.d.) (H). * p < 0.05 (Student’s 

t-test). Scale bar, 20 μm.

(I-J) TL4-12 treatment induces lipid droplet accumulation in the livers of fasted mice. Mice 

were intraperitoneally injected with vehicle control or TL4-12 (15 mg/kg) once a day for 

a week and fasted for 16 hours. Mouse livers were collected for hematoxylin and eosin 

(H&E) staining and oil red O staining (I). The oil red O staining of mouse liver tissues was 

quantified (mean ± s.d.)

(H). ** p < 0.01 (Student’s t-test). Scale bar, 50 μm.

(K-L) Loss of MAP4K2 reduces cell viability under energy stress. Cells were subjected 

to the indicated stress conditions for 20 hours (K) and quantified for the relative viability 

(mean ± s.d., n=3 biological replicates) (L). ns, no significance. * p < 0.05, ** p < 0.01, *** 

p < 0.001 (Student’s t-test). Scale bar, 200 μm.

(M-N) TL4-12 treatment reduces cell viability under energy stress. HEK293A cells were 

treated with DMSO control or TL4-12 (20 μΜ) and the indicated stress conditions for 20 

hours (M) and quantified for the relative viability (mean ± s.d., n=3 biological replicates) 

(N). ** p < 0.01, *** p < 0.001 (Student’s t-test). Scale bar, 200 μm.

See also Figure S2.
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Figure 3. MAP4K2 promotes autophagy and cell survival by phosphorylating LC3A at S87.
(A-B) Both kinase activity and LIR motif are required for MAP4K2-mediated autophagy. 

The MAP4K2 KO cells were transfected with the indicated constructs and subjected to 

immunofluorescent staining (A). The number of GFP-LC3A puncta was quantified (mean ± 

s.d.) (B). ns, no significance. *** p < 0.001 (Student’s t-test). Scale bar, 20 μm.

(C) MAP4K2 phosphorylates LC3A. SFB-tagged MAP4K2 and its kinase dead mutant 

(K45R) were expressed in HEK293T cells, purified using S protein beads, washed 

thoroughly with high-salt buffer containing 250 mM NaCl, and subjected to in vitro kinase 

assay using the bacterially purified GST-LC3A protein as substrate.

(D) Mass spectrometry reveals S87 as the MAP4K2 phosphorylation site on LC3A. GST-

tagged LC3A protein was purified from bacteria, used as substrate in the SFB-MAP4K2 in 
vitro kinase assay, and subjected to mass spectrometry analysis.

(E-G) MAP4K2 phosphorylates LC3A at S87. In vitro kinase assay was performed using 

the indicated bacterially purified GST-tagged proteins as substrates (E). MAP4K2-induced 

LC3A phosphorylation at S87 was validated using anti-phospho-LC3A S87 antibody via in 
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vitro kinase assay (F). Wild-type and the MAP4K2 KO HEK293A cells were transduced 

with the inducible lenti-SFB-LC3A and its S87A mutant, treated with doxycycline at low 

concentration, and purified using S protein beads (G). Arrow indicates the exogenously 

expressed SFB-LC3A and its S87A mutant. Pound sign indicates endogenous LC3A/B.

(H) Protein sequence alignment shows that LC3A S87 site is conserved among all the LC3 

proteins in mammals and amphibians.

(I-J) The S87A mutation increases LC3A puncta. HEK293A cells were transfected with the 

constructs encoding the indicated GFP-tagged LC3A and its mutants (I). The number of 

GFP-LC3A puncta was quantified (mean ± s.d.) (J). ns, no significance. * p < 0.05, ** p < 

0.01 (Student’s t-test). Scale bar, 20 μm. Cells were cultured in normal media.

(K-L) Reconstituting LC3A S87D mutant but not its S87A mutant rescues MAP4K2 KO 

cell viability under glucose starvation. The MAP4K2 KO cells were transduced with the 

indicated constructs and subjected to glucose starvation for 20 hours (K). Relative cell 

viability was quantified (mean ± s.d.) (L). ns, no significance. ** p < 0.01, *** p < 0.001 

(Student’s t-test). Scale bar, 200 μm.

See also Figure S3.
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Figure 4. MAP4K2-mediated LC3A S87 phosphorylation facilitates autophagosome-lysosome 
fusion.
(A) Loss of MAP4K2 does not affect the key components/regulators of autophagy.

(B) GFP-LC3A puncta are accumulated at late autophagosome stage in the MAP4K2 KO 

cells. The indicated regions in the box are shown 3 times enlarged. Scale bar, 20 μm. Cells 

were cultured in normal media.

(C-D) Loss of MAP4K2 inhibits autophagosome-lysosome fusion. Wild-type and the 

MAP4K2 KO HEK293A cells were transfected with mCherry-GFP-LC3A construct and 

treated with glucose starvation and HBSS for 16 hours or chloroquine (200 μM) for 2 hours. 

Representative fluorescent images were shown (C). Around 50 cells in total were randomly 

selected and quantified for the yellow- and red-colored LC3A puncta (mean ± s.d.) (D). 

Arrows indicate the mCherry-GFP-LC3A puncta fused with lysosomes. Scale bar, 20 μm.

(E-F) TL4–12 treatment inhibits autophagosome-lysosome fusion. HEK293A cells were 

transfected with mCherry-GFP-LC3A construct and treated with DMSO or TL4–12 (20 

μΜ) and glucose starvation and HBSS for 16 hours. Representative fluorescent images were 

shown (E). Around 50 cells in total were randomly selected and quantified for the yellow- 

and red-colored LC3A puncta (mean ± s.d.) (F). Arrows indicate the mCherry-GFP-LC3A 

puncta fused with lysosomes. Scale bar, 20 μm.

(G-H) LC3A S87 phosphorylation is required for autophagosome-lysosome fusion. 

HEK293A cells were transfected with mCherry-GFP-LC3A and its S87A and S87D mutants 

and treated with glucose starvation and HBSS for 16 hours or chloroquine (200 μΜ) for 2 

hours.

Representative fluorescent images were shown (G). Around 50 cells in total were randomly 

selected and quantified for the yellow- and red-colored puncta of LC3A and its S87A and 

S87D mutants (mean ± s.d.) (H). Arrows indicate the mCherry-GFP-LC3A and its mutant 

puncta fused with lysosomes. Scale bar, 20 μm.
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See also Figures S3 and S4.
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Figure 5. LC3A S87 phosphorylation drives autophagosome-lysosome fusion through the 
RAB3GAP1/2-Rab18 pathway.
(A) Comparative proteomic analysis reveals RAB3GAP1/2 as LC3A-binding proteins 

regulated by its S87 phosphorylation. HEK293A cells stably expressing LC3A and its S87A 

mutant were cultured under glucose starvation for 16 hours and subjected to the TAP-MS 

analysis. The identified interacting proteins were visualized as the volcano plot based on 

the ratio of their normalized peptide numbers (LC3A versus its S87A mutant) and SAINT 

scores. Preys with SAINT score ≥ 0.8 (either LC3A or its S87A mutant TAP-MS study) and 

peptide ratio over two times (either <0.5 or >2) were gated for analysis. The representative 

LC3A-interacting proteins regulated by LC3A S87 phosphorylation were indicated.

(B) LC3A interacts with RAB3GAP1/2.

(C) The S87A mutation inhibits the association of LC3A with RAB3GAP1.

(D) Loss of MAP4K2 attenuates the interaction between LC3A and RAB3GAP1.

(E) RAB3GAP1 is co-localized with LC3A but not its S87A mutant under glucose 

starvation and chloroquine treatment. HEK293A cells were transfected with the indicated 

constructs, treated with glucose starvation for 16 hours or chloroquine (200 μΜ) for 2 hours, 
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and subjected to immunofluorescent staining. The indicated regions in the box are shown 3 

times enlarged. Scale bar, 20 μm.

(F) RAB3GAP1 is co-localized with LC3A S87D mutant in the chloroquine-treated 

MAP4K2 KO cells. The MAP4K2 KO cells were transfected with the indicated constructs, 

treated with chloroquine (200 μΜ) for 2 hours, and subjected to immunofluorescent staining. 

The indicated regions in the box are shown 3 times enlarged. Scale bar, 20 μm.

(G) The co-localization of RAB3GAP1 with the indicated LC3A and its mutants in (E) and 

(F) was quantified (mean ± s.d.). ns, no significance. * p < 0.05, ** p < 0.01, *** p < 0.001 

(Student’s t-test).

(H-K) LC3A S87 phosphorylation drives autophagosome-lysosome fusion through Rab18. 

The mCherry-GFP-LC3A-indicated autophagosome-lysosome fusion in the HBSS-treated 

MAP4K2 KO cells was rescued by expressing Rab18 constitutively active mutant (Q67L) 

but not its inactive mutant (S22N) (H) and quantified (I). The mCherry-GFP-LC3A S87A-

indicated autophagosome-lysosome fusion defect in the HBSS-treated HEK293A cells was 

rescued by expressing Rab18 constitutively active mutant (Q67L) but not its inactive mutant 

(S22N) (J) and quantified (K). Arrows indicate the mCherry-GFP-LC3A or its S87A mutant 

puncta fused with lysosomes. Scale bar, 20 μm.

See also Figures S4.
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Figure 6. Energy stress activates MAP4K2 by inhibiting its association with the STRIPAKSTRN4 

complex.
(A) Protein sequence alignment reveals S170 as a potential autophosphorylation site of 

MAP4K2.

(B) MAP4K2 binds itself.

(C-D) MAP4K2 kinase activity is required for its S170 phosphorylation. MAP4K2 S170 

phosphorylation was largely reduced in its kinase dead mutant (K45R) (C) or in the TL4-12-

treated cells (D). Cells were treated with TL4-12 (20 μΜ) for 24 hours.
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(E) MAP4K2 induces S170 phosphorylation of its K45R mutant in the MST/MAP4K-8KO 

HEK293A cells.

(F-H) The S170A mutation inhibits MAP4K2. In vitro kinase assay was performed using 

the bacterially purified GST-LC3A protein as substrate (F). The MAP4K2 KO HEK293A 

cells were reconstituted with the indicated constructs and subjected to immunofluorescent 

staining (G). The number of GFP-LC3A puncta was quantified (mean ± s.d.) (H). ns, no 

significance. *** p < 0.001 (Student’s t-test). Scale bar, 20 μm. Cells were cultured in 

normal media.

(I-K) Energy stress induces MAP4K2 S170 phosphorylation. HEK293A cells were 

transfected with the construct encoding SFB-MAP4K2, treated with glucose starvation (I), 

HBSS (I), serum starvation (J) or amino acids starvation (K) for 16 hours, and subjected to 

pulldown assay using S protein beads.

(L) Glucose starvation induces LC3A S87 phosphorylation. Wild-type and the MAP4K2 

KO HEK293A cells were transduced with inducible lentiviral SFB-LC3A, treated with 

doxycycline at low concentration and glucose starvation for 16 hours, and subjected to 

pulldown assay using S protein beads.

(M) Loss of STRN4 increases MAP4K2 S170 phosphorylation.

(N) Glucose starvation does not further increase MAP4K2 S170 phosphorylation in the 

STRN4 KO cells. Wild-type and the STRN4 KO HEK293A cells were transfected with 

SFB-MAP4K2 construct, treated with glucose starvation for 16 hours, and subjected to 

pulldown assay using S protein beads.

(O-Q) Glucose starvation inhibits the interaction between MAP4K2 and STRN4. HEK293A 

cells were transfected with the indicated constructs, treated with glucose starvation (O), 

serum starvation (P) or amino acids starvation (Q) for 16 hours, and subjected to pulldown 

assay using S protein beads.

See also Figures S5.
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Figure 7. MAP4K2 acts as an oncoprotein in head and neck cancer.
(A) mRNA level of MAP4K2 is compared between tumor and normal tissues across 

different types of human cancer using the Gene Expression database of Normal and Tumor 

tissues (GENT), where more than 40,000 tumor sample data are included. The first quartile, 

median and third quartile values were indicated as the boxplots. Outliers were plotted as 

individual points. Error bars indicated the standard deviation above and below the mean of 

the data.
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(B) Kaplan-Meier curves of overall survival of patients with head and neck squamous 

cell carcinoma is stratified by MAP4K2 expression level. Clinical data of MAP4K2 
were analyzed in Kaplan-Meier Plotter Pan-cancer RNA-seq project (https://kmplot.com/

analysis/) containing a total of 500 head and neck cancer patient samples with high mutation 

burden. The p value was calculated by using the log-rank (Mantel-Cox) test.

(C) MAP4K2 is highly expressed in head and neck cancer cells.

(D) Head and neck cancer tissue microarray is subjected to immunohistochemistry analysis 

using the indicated antibodies. Scale bar, 150 μm.

(E-F) Downregulation of MAP4K2 inhibits CAL-27 xenograft tumor growth in mouse 

tongues. MAP4K2 shRNA-transduced CAL-27 cells were subjected to the orthotopic 

xenograft study, where the collected mouse tongues and their hematoxylin and eosin (H&E) 

staining were shown

(E). Tumors are indicated with arrows. Tumor volume was measured and quantified (mean ± 

s.d., n=6 mice per group) (F). *** p < 0.001 (Student’s t-test). Scale bar, 3 mm.

(G-J) Tumors developed from two patients with tongue squamous carcinoma were 

implanted into mice and subjected to TL4–12 treatment (15 mg/kg). PDX tumor size was 

measured every 3 days using a caliper (G-H), while the tumor weight (I) and mouse 

body weight (J) were measured at the endpoint (mean ± s.d., n=5 mice per group). ns, no 

significance. * p < 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test). See also Figures S6 

and S7.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Flag Sigma-Aldrich Cat# F7425, RRID:AB_439687

Anti-Flag (M2) Sigma-Aldrich Cat# F3165, RRID:AB_259529

Anti-thiophosphate ester Abcam Cat# ab92570, RRID:AB_10562142

Anti-STRN4 Bethyl lab Cat# A304-573A-M, RRID:AB_2782004

Anti-STRIP1 Bethyl lab Cat# A304-644A, RRID:AB_2620839

Anti-LC3A/B Cell Signaling Technology Cat# 12741, RRID:AB_2617131

Anti-p62 Cell Signaling Technology Cat# 88588, RRID:AB_2800125

Anti-GAPDH Cell Signaling Technology Cat# 5174, RRID:AB_10622025

Anti-LC3A Cell Signaling Technology Cat# 4599, RRID:AB_10548192

Anti-phospho-ULK1 (S555) Cell Signaling Technology Cat# 5869, RRID:AB_10707365

Anti-phospho-ACC (S79) Cell Signaling Technology Cat# 3661, RRID:AB_330337

Anti-phospho-S6K (T389) Cell Signaling Technology Cat# 9234, RRID:AB_2269803

Anti-phospho-AKT (S473) Cell Signaling Technology Cat# 4060, RRID:AB_2315049

Anti-phospho-ERK1/2 (T202/Y204) Cell Signaling Technology Cat# 4370, RRID:AB_2315112

Anti-PP2A C Cell Signaling Technology Cat# 2038, RRID:AB_2169495

Anti-LATS1 Cell Signaling Technology Cat# 3477, RRID:AB_2133513

Anti-phospho-LATS1 (T1079) Cell Signaling Technology Cat# 8654, RRID:AB_10971635

Anti-phospho-YAP (S127) Cell Signaling Technology Cat# 4911, RRID:AB_2218913

Anti-hemagglutinin (HA) BioLegend Cat# MMS-101P, RRID:AB_2314672

Anti-phospho-MAP4K2 (S170) Kinexus Cat# AB-PK646, RRID:AB_2938947

Anti-YAP Santa Cruz Biotechnology Cat# sc-101199, RRID:AB_1131430

Anti-Myc Santa Cruz Biotechnology Cat# sc-40, RRID:AB_627268

Anti-SLMAP Santa Cruz Biotechnology Cat# sc-100957, RRID:AB_2286621

Anti-MOB4 Santa Cruz Biotechnology Cat# sc-137228, RRID:AB_2145393

Anti-Flag (M2) Sigma-Aldrich Cat# F3165, RRID:AB_259529

Anti-α-tubulin Sigma-Aldrich Cat# T6199, RRID:AB_477583

Anti-β-actin Sigma-Aldrich Cat# A5441, RRID:AB_476744

Anti-STRN Thermo Fisher Scientific Cat# A304-537A-M, RRID:AB_2781976

Anti-STRN3 Thermo Fisher Scientific Cat# PA5-31368, RRID:AB_2548842

Anti-GST This paper N/A

Anti-MAP4K2 This paper N/A

Anti-phospho-LC3A (S87) This paper N/A

Anti-MBP This paper N/A

Anti-CTTNBP2NL This paper N/A

Anti-YAP Wang et al. 201168 N/A

Bacterial and virus strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

DH5α competent E. coli Junjie Chen laboratory N/A

BL21 competent E. coli Junjie Chen laboratory N/A

DB3.1 competent E. coli Junjie Chen laboratory N/A

Biological samples

Head and neck cancer tissue arrays US Biomax, Inc Cat# HN242b, Cat# HN802c

Chemicals, peptides, and recombinant proteins

Hexadimethrine bromide (Polybrene) Sigma-Aldrich Cat# H9268

Streptavidin-conjugated bead GE Healthcare Cat# 17-5113-01

Chloroquine MP Biomedicals Cat# 193919

Phos-tag Acrylamide FUJIFILM Wako Chemicals Cat# AAL-107

S protein bead Novagen Cat# 69704

3-Methyladenine Selleckchem Cat# S2767

4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich Cat# D9542

Chymotrypsin, Sequencing Grade Promega Cat# V106A

Biotin Sigma-Aldrich Cat# B4639

TRIzol Thermo Fisher Cat# 15596026

Power SYBR Green PCR master mix Thermo Fisher Cat# 4367659

TL4-12 TOCRIS Cat# 5910

MBP-LATS1-C3 (981~1130 amino acids) Han et al., 201824 N/A

GST-LC3A This paper N/A

GST-LC3B This paper N/A

GST-LC3C This paper N/A

GST-GABARAP This paper N/A

GST-GABARAPL1 This paper N/A

GST-GABARAPL2 This paper N/A

GST-SUMO1 This paper N/A

GST-ISG15 This paper N/A

GST-UFM1 This paper N/A

GST-LC3A S87A This paper N/A

GST-LC3B S87A This paper N/A

GST-LC3C S93A This paper N/A

GST-GABARAP T87A This paper N/A

GST-LC3A S87A+S3A This paper N/A

GST-LC3A S87A+S12A This paper N/A

GST-LC3A S87A+S29A This paper N/A

GST-LC3A S87A+T50A This paper N/A

GST-LC3A S87A+S61A This paper N/A

GST-LC3A S87A+T76A This paper N/A

GST-LC3A S87A+S90A This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

GST-LC3A S87A+S92A This paper N/A

GST-LC3A S87A+T93A This paper N/A

GST-LC3A S87A+S115A This paper N/A

GST-LC3A S87A+T118A This paper N/A

GST-LC3A S87A+S115/T118A This paper N/A

GST-LC3A S87A+S12A/S115A This paper N/A

GST-LC3A S87A+S12A/T118A This paper N/A

Critical commercial assays

Gateway BP Clonase Enzyme Mix for BP assay Thermo Fisher Cat# 11789021

Gateway LR Clonase Enzyme Mix for LR assay Thermo Fisher Cat# 11791043

Script Reverse Transcription Supermix Kit for 
reverse transcription assay BioRad Cat# 1708841

Deposited data

Unprocessed imaging data This paper/Mendeley Data DOI:10.17632/dxzjr2z5yz.2

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-2316

HEK293A Jae-Il Park laboratory/Thermo Fisher 
Scientific Cat# R70507

CAL-27 ATCC Cat# CRL-2095

FaDu ATCC Cat# HTB-43

A253 ATCC Cat# HTB-41

SCC-4 ATCC Cat# CRL-1624

MCF10A ATCC Cat# CRL-10317

BxPC3 ATCC Cat# CRL-1687

PANC1 ATCC Cat# CRL-1469

Hep3B ATCC Cat# HB-8064

HepG2 ATCC Cat# HB-8065

MDA-MB-231 ATCC Cat# CRM-HTB-26

HeLa Junjie Chen laboratory/ATCC Cat# CRM-CCL-2

Experimental models: Organisms/strains

C57BL/6J mouse Jackson Laboratory Cat# 000664; RRID:IMSR_JAX:000664

Athymic nude (nu/nu) mouse Jackson Laboratory Cat# 002019; RRID:IMSR_JAX:002019

NOD-SCID-IL2rg (NSG) mice Biocytogen Pharmaceuticals (Beijing) 
Co., Ltd. N/A

Oligonucleotides

MAP4K2 sgRNAs This paper Table S2

MAP4K2 shRNAs This paper Table S2

Recombinant DNA

Lenti Guide-Puro Addgene Cat# 52963

Lenti Cas9-Blast Addgene Cat# 52962

pDEST-CMV-N-Tandem-mCherry-EGFP Addgene Cat# 123216
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REAGENT or RESOURCE SOURCE IDENTIFIER

HA-p62 Addgene Cat# 28027

pME18s-HA-FIP200 Addgene Cat# 243033

pBMN PLEKHM1-HA Addgene Cat# 89300

PLKO.1 control shRNA Addgene Cat# 136035

MAP4K2 shRNA-1# Sigma-Aldrich #TRCN0000195052

MAP4K2 shRNA-2# Sigma-Aldrich #TRCN0000199054

HA-NBR1 This paper N/A

HA-FYCO1 This paper N/A

GFP-LC3A This paper N/A

GFP-LC3A S87A This paper N/A

GFP-LC3A S87D This paper N/A

GFP-LC3B This paper N/A

GFP-LC3B S87A This paper N/A

GFP-LC3C This paper N/A

GFP-LC3C S93A This paper N/A

GFP-RAB3GAP1 This paper N/A

HA-LC3A This paper N/A

HA-LC3A S87A This paper N/A

HA-LC3A S87D This paper N/A

HA-NDP52 This paper N/A

HA-RAB3GAP1 This paper N/A

HA-RAB3GAP2 This paper N/A

HA-STRN4 This paper N/A

Lenti-RAB18 Q67L-SFB This paper N/A

Lenti-RAB18 S22N-SFB This paper N/A

Lenti-SFB-LC3A This paper N/A

Lenti-SFB-LC3A S87A This paper N/A

mCherry-GFP-LC3A This paper N/A

mCherry-GFP-LC3A S87A This paper N/A

mCherry-GFP-LC3A S87D This paper N/A

mCherry-GFP-LC3B This paper N/A

mCherry-GFP-LC3B S87A This paper N/A

mCherry-GFP-LC3C This paper N/A

mCherry-GFP-LC3C S93A This paper N/A

mCherry-LAMP1 This paper N/A

Myc-MAP4K2 This paper N/A

SFB-ATG16L1 This paper N/A

SFB-LC3A This paper N/A

SFB-LC3A S87A This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

SFB-LC3A S87D This paper N/A

SFB-MAP4K1 Seo et al., 202011 N/A

SFB-MAP4K2 Seo et al., 202011 N/A

SFB-MAP4K2 ΔLIR This paper N/A

SFB-MAP4K2 K45R This paper N/A

SFB-MAP4K2 S170A This paper N/A

SFB-MAP4K3 Seo et al., 202011 N/A

SFB-MAP4K4 Seo et al., 202011 N/A

SFB-MAP4K5 Seo et al., 202011 N/A

SFB-MAP4K6 Seo et al., 202011 N/A

SFB-MAP4K7 Seo et al., 202011 N/A

SFB-PLEKHM1 This paper N/A

SFB-RAB18 Q67L This paper N/A

SFB-RAB18 S22N This paper N/A

SFB-STX17 This paper N/A

Software and algorithms

Optimized CRISPR Design CHOPCHOP http://chopchop.cbu.uib.no/

ImageJ ImageJ RRID: SCR_003070

Metascape Metascape www.metascape.org

GraphPad Prism 6 GraphPad RRID:SCR_002798

BioRENDER BioRENDER http://biorender.com

Other

DMEM (1X) [-] D-Glucose [-] Sodium pyruvate Gibco Cat# 11966025

HBSS (1X) Gibco Cat# 14025076

DMEM without amino acids Thermo Fisher Scientific

https://www.thermofisher.com/us/en/
home/technical-resources/media-
formulation.8.html (amino acids 
are not added)

Mol Cell. Author manuscript; available in PMC 2024 September 07.

http://chopchop.cbu.uib.no/
http://www.metascape.org/
http://biorender.com/
https://www.thermofisher.com/us/en/home/technical-resources/media-formulation.8.html
https://www.thermofisher.com/us/en/home/technical-resources/media-formulation.8.html
https://www.thermofisher.com/us/en/home/technical-resources/media-formulation.8.html

	Summary
	eTOC Blurb
	Graphical Abstract
	Introduction
	Results
	MAP4K2 binds ATG8 family of autophagy proteins
	MAP4K2 is required for autophagy and cell survival under energy stress conditions
	MAP4K2 drives autophagy by phosphorylating LC3A at S87
	MAP4K2-mediated LC3A S87 phosphorylation is required for autophagosome-lysosome fusion in autophagic flux
	LC3A S87 phosphorylation induces autophagosome-lysosome fusion through the RAB3GAP1/2-Rab18 pathway
	MAP4K2 is autophosphorylated at S170 for activation
	Glucose starvation activates MAP4K2 by targeting its binding with STRIPAKSTRN4
	MAP4K2 is highly expressed in head and neck cancer
	MAP4K2-mediated autophagy is required for head and neck cancer development

	Discussion
	Limitations of the study

	STAR Methods
	Resource Availability
	Lead Contact

	Materials Availability
	Data and Code Availability
	Experimental Model and Study Participant Details
	Cell Lines
	Animals

	Method Details
	Antibodies and Chemicals
	Constructs and Viruses
	Tandem Affinity Purification Coupled with Mass Spectrometry TAP-MS Analysis
	Immunofluorescent Staining
	Gene Inactivation by the CRISPR/Cas9 System
	Transmission Electron Microscopy TEM Analysis
	Oil Red O Staining
	In Vitro Kinase Assay
	Phosphorylation Site Analysis by Liquid Chromatography Tandem Mass Spectrometry (LC MS/MS)
	Immunohistochemical Analysis
	Animal Studies
	Quantification and Statistical Analysis


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table T1



