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ABSTRACT

MTOR (mechanistic target of rapamycin kinase) complex 1 (MTORC1) orchestrates diverse
environmental signals to facilitate cell growth and is frequently activated in cancer.
Translocation of MTORC1 from the cytosol to the lysosomal surface by the RRAG GTPases is
the key step in MTORC1 activation. Here, we demonstrated that transcription factors MEF2A
and MEF2D synergistically regulated MTORC1 activation via modulating its cyto-lysosome
shutting. Mechanically, MEF2A and MEF2D controlled the transcription of FNIP1 and FNIP2,
the components of the FLCN-FNIP1 or FNIP2 complex that acts as a RRAGC-RRAGD GTPase-
activating element to promote the recruitment of MTORC1 to lysosome and its activation.
Furthermore, we determined that the pro-oncogenic protein kinase SRC/c-Src directly phos-
phorylated MEF2D at three conserved tyrosine residues. The tyrosine phosphorylation enhanced
MEF2D transcriptional activity and was indispensable for MTORC1 activation. Finally, both the
protein and tyrosine phosphorylation levels of MEF2D are elevated in human pancreatic
cancers, positively correlating with MTORC1 activity. Depletion of both MEF2A and MEF2D or
expressing the unphosphorylatable MEF2D mutant suppressed tumor cell growth. Thus, our
study revealed a transcriptional regulatory mechanism of MTORC1 that promoted cell anabo-
lism and proliferation and uncovered its critical role in pancreatic cancer progression.
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Abbreviation: ACTB: actin beta; ChIP: chromatin immunoprecipitation; EGF: epidermal growth
factor; EIF4EBP1: eukaryotic translation initiation factor 4E binding protein 1; FLCN: folliculin;
FNIP1: folliculin interacting protein 1; FNIP2: folliculin interacting protein 2; GAP: GTPase
activator protein; GEF: guanine nucleotide exchange factors; GTPase: guanosine triphosphatase;
LAMP2: lysosomal associated membrane protein 2; MAP1LC3B/LC3B: microtubule associated
protein 1 light chain 3 beta; MEF2: myocyte enhancer factor 2; MEF2A: myocyte enhancer
factor 2A; MEF2D: myocyte enhancer factor 2D; MEF2D-3YF: Y131F, Y333F, Y337F mutant;
MTOR: mechanistic target of rapamycin kinase; MTORC1: MTOR complex 1; NR4A1: nuclear
receptor subfamily 4 group A member 1; RPTOR: regulatory associated protein of MTOR
complex 1; RHEB: Ras homolog, mTORC1 binding; RPS6KB1: ribosomal protein S6 kinase B1;
RRAG: Ras related GTP binding; RT-qPCR: real time-quantitative PCR; SRC: SRC proto-oncogene,
non-receptor tyrosine kinase; TMEM192: transmembrane protein 192; WT: wild-type.

Introduction rewired MTORCI1 activity in tumorigenesis may have poten-

Cancer cell growth is strictly dependent on aberrant signaling
and reprogrammed cell metabolism, which sustain their adap-
tation to nutrient availability and energy-demanding in the
tumor context. In particular, MTORCI signaling is generally
hyperactivated in most cancers and controls biomass biosyn-
thetic processes to ensure sustained cancer cell proliferation
[1-6]. Several MTORCI inhibitors have been used for cancer
treatment in cell and animal models but are ineffectual in
clinical treatment of patients with cancers, indicating that
there is redundant MTORCI1 activation [2,7,8]. Therefore,
advances in understanding the mechanisms underlying

tial benefits in developing drugs for cancer treatment.

To monitor and integrate multiple environmental cues such
as growth factors and nutrients sufficiency, MTORCI integrates
these inputs by two types of small G proteins-RHEB (Ras homo-
log, mTORCI1 binding) and the RRAG (Ras related GTP bind-
ing) guanosine triphosphatases [9,10]. RHEB preserves its active
state on the surface of lysosome in response to growth factors
[11-13]. Then MTORCI interacts with and is activated by
RHEB after its translocation to the lysosomal membrane by
RRAG GTPases when nutrients, especially amino acids, are
readily available [9,14]. Mammals have four RRAG proteins
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(RRAGA to RRAGD) that form heterodimers constituting
RRAGA or RRAGB in association with RRAGC or RRAGD
[14,15]. Nutrients induce RRAG heterodimers switching to an
active form, in which RRAGA or RRAGB is GTP-bound forms
and RRAGC or RRAGD is GDP-bound forms. The active het-
erodimeric RRAG GTPases interacts with RPTOR/raptor,
a subunit of MTORC]1, thus permitting MTORCI to the lyso-
some surface [16-18]. Extensive previously studies have revealed
the roles of several protein complexes which are called GTPase
activator proteins (GAPs) and guanine nucleotide exchange
factors (GEFs), in the regulation of RRAG GTPases activity by
tightly controlling the nucleotide-binding states of the RRAG
[19]. For example, heterotrimeric GATOR1 complex is the GAP
for RRAGA-RRAGB and hence negatively regulates MTORCI1
activity, and FLCN (folliculin) and its binding partner FNIP1
(folliculin interacting protein 1) or FNIP2 (folliculin interacting
protein 2) have been identified as the GAP for RRAGC-RRAGD
and positively regulates MTORCI1 [19-23]. Apart from nutrient
sufficiency, recent studies showed that growth factor signaling
could also control RRAG GTPases activity, indicating crosstalk
between growth factor and nutrients sensing machineries that
deserve further investigation [24].

In many cancers, persistent RRAG GTPases activation
contributes to uncontrolled MTORCI1 signaling for cancer
cell growth and proliferation by evasion of metabolic checks
[6,7,25,26]. For example, mutations in GATOR1 complex
subunits DEPDC5, NPRL3 and NPRL2 have been implicated
in glioblastomas, and FLCN and RRAGC mutations have
been reported in follicular lymphoma and Birt-Hogg-Dubé
syndrome, respectively. Post-translational —modifications
(PTMs) including ubiquitination and phosphorylation of
RRAG GTPases signaling have been recently reported and
may have a pro-growth function in tumors. As an example,
the E3 ubiquitin ligase KLHL22-mediated DEPDC5 degrada-
tion has been linked with breast cancer [27]. Moreover, dereg-
ulation of gene transcription is another critical mechanism
underpinning cancer onset and progression. Yet the transcrip-
tional regulatory mechanisms responsible for RRAG GTPases
activation in both physical conditions and malignancies
remain to be fully elucidated.

The transcription factors in the MEF2 (myocyte enhancer
factor 2) family play crucial roles in determining cell fate and
adaptive responses by controlling gene expression [28-30].
Mammals have four isoforms of transcription factor MEF2s
(MEF2A to MEF2D) and each of these has a highly similar
N-terminal sequence and binds the consensus sites in the
proximal promoters of genes [30-33]. MEF2s have been
known to play critical roles in multiple cell types such as
neurons, muscle and hematopoietic cells. Still, they more
recently have been implicated in triggering and maintaining
the tumorigenic process [28,34-37]. A series of studies indi-
cated that MEF2s acted as oncogenes in immature T-cell acute
lymphoblastic leukemia, B-cell acute lymphoblastic leukemia
and hepatocellular carcinoma by controlling various processes
such as proliferation, apoptosis, or epithelial-mesenchymal
transition [37-39]. However, the detailed mechanisms by
which MEF2s promote tumor malignancy remained largely
unknown. Interestingly, in drosophila, MEF2s promoted lipo-
genesis and glycogen storage in the drosophila fat body and

profoundly influenced cell proliferation upon serum stimula-
tion [29,40,41], suggesting that MEF2s positively regulate
anabolic metabolism upon growth factor stimulus. This
prompted us to ask whether MEF2s have a possible regulatory
role in MTORCI1 activation and hyper-activated MEF2s con-
tribute to uncontrolled MTORCI in cancers.

In this study, we reported that MEF2A and MEF2D con-
trolled MTORC1 activation and subsequent cellular events
including macroautophagy/autophagy and anabolic processes.
Mechanistically, MEF2A and MEF2D directly regulated the
expression of FNIP1 and FNIP2 to modulate the nucleotide-
binding states of the RRAGC-RRAGD heterodimer and then
promoted MTORCI1 lysosomal localization. We further
uncovered that MEF2D but not MEF2A was a direct substrate
of the proto-oncogenic tyrosine kinase SRC upon pro-
mitogenic signal. Phosphorylation of MEF2D on three highly
conserved tyrosine residues increased its transcriptional activ-
ity and was essential for MTORCI activation by growth
factors. Finally, we proved that the SRC-MEF2D-MTORCI1
pathway regulated pancreatic cancer cell growth and was
aberrantly activated in human pancreatic cancer. Thus, our
study established a transcriptional regulatory mechanism of
MTORC1 by MEF2A and MEF2D and uncovered an SRC-
MEF2D-MTORCI1 pathway for growth factor-mediated con-
trol of the RRAG GTPase machinery and its role in pancreatic
cancer malignancy.

Results
MEF2A and MEF2D positively regulate MTORC1 activity

By analyzing The Cancer Genome Atlas (TCGA) pan-cancer
public datasets, we demonstrated that the expression level of
transcription factor MEF2s was upregulated across multiple
cancer cohorts compared to normal samples and positively
correlated with the MTOR pathway in pancreatic cancer
(Figure S1A and S1B). RNA-sequencing data from HeLa
cells with constitutively active MEF2 (MEF2-VP16) overex-
pressed also showed a positive correlation between MEF2s
transcriptional activity and genes set in MTOR signaling
(Figure 1A). To further investigate whether MEF2s play
a role in MTORCI activation, HeLa cells were transfected
with either trans-dominant negative MEF2 (dnMEF2) or
MEF2-VP16 plasmids and then treated with the amino acid
fasting-refeeding paradigm for MTORCI activation. The
results showed that dnMEF2, which abrogates the function
of the endogenous MEF2s attenuated MTORCI1 activation
upon amino acid stimulation, as evidenced by the decreased
phosphorylation levels of RPS6KB1/S6K1 and EIF4EBP1/4E-
BP1, two well-characterized MTORCI substrates (Figure 1B
and Figure SI1C) [42]. By contrast, MEF2-VP16 amplified
MTORCI activation in HeLa cells upon amino acid stimula-
tion (Figure 1C). These results suggested that MEF2s indeed
promoted MTORCI activity. Mammals have four isoforms
MEF2s which are usually functionally redundant except for
the most distant family member MEF2B by controlling the
transcription of overlapping sets of genes. To identify the
specific MEF2 isoform that participated in MTORCI regula-
tion, HeLa cells were depleted of MEF2A, MEF2C or MEF2D
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Figure 1. Transcription factors MEF2A and MEF2D regulate MTORC1 activity upon amino acid stimulation. (A) Gene set enrichment analysis of the MTOR pathway
gene list in Hela cells with overexpression of MEF2-VP16 versus controls by using RNA-seq data. (B) HelLa cells transfected with either dnMEF2 or vector as control
were treated with amino acid (aa) starvation and amino acid restimulation with or without troin1 (250 nM). Western blot analysis of phosphorylation of RPS6KB1,
EIF4EBP1 and AKT is shown. Right plots show phosphorylated p-RPS6KB1:RPS6KB1 (top), p-EIF4EBP1:ACTB (middle) and p-AKT:AKT (bottom) ratios. (C) Hela cells
transfected with MEF2-VP16 or vector were treated and then analyzed by immunoblotting similar to (B). (D) HelLa cells transfected for 48 h with indicated siRNA were
starved of amino acids and restimulated before immunoblotting analysis. Right plots show the p-RPS6KB1:RPS6KB1 (top), p-EIF4EBP1:ACTB (bottom) ratios. (E) HeLa
cells that stably knocked-down both MEF2A and MEF2D (shMEF2A/D) or control (NC) were starved for amino acids and restimulated with increasing levels (expressed
as % of the concentration in DMEM medium) of leucine. Lysates were analyzed for MTORCT1 activity as in (D). Bottom plots show the p-RPS6KB1:RPS6KB1 (right),
p-EIF4EBP1:ACTB (left) ratios. (F) MEF2A and MEF2D double-knockdown Hela cells transfected with MEF2A or/and MEF2D and then subjected to amino acid
administration. MTORC1 activity was confirmed by immunoblotting. Plots on the right show p-RPS6KB1:RPS6KB1 (top) and p-EIFAEBP1:ACTB (bottom) ratios. Data are
presented as the mean £ S.E.M. (n =3 independent experiments, two-sided Student’s t-test for B, C and E, one-way analysis of variance [ANOVA] for D, two-way
ANOVA post hoc test for F, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant compared with indicated group).
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expression with small interfering RNA (siRNA) and then
deprived of and restimulated with amino acids. Notably, the
results exhibited that depletion of MEF2A and MEF2D, but
not MEF2C, inhibited MTORCI activation (Figure 1D and
Figure S1D). Moreover, simultaneous knockdown of MEF2A
and MEF2D with either transient siRNAs or stable short
hairpin RNA (shRNA) transfection synergistically decreased
MTORCI activation (Figure 1D and Figure S1E), indicated
that MEF2A and MEF2D acted coordinately in controlling
MTORCI activity. Similar to a complete set of amino acids,
depletion of MEF2A and MEF2D resulted in decreased
MTORCI activation upon stimulation with solely leucine,
the key amino acid that activates MTORC1 (Figure 1E).
Since previous studies [43] showed that MEF2A positively
regulated PI3K-AKT signaling which was an efficient
MTORCI activator, we tested whether MEF2A or MEF2D
accommodated the activity of AKT. The results displayed
that neither overexpression nor depletion of MEF2A and
MEF2D altered AKT activity in HeLa cells, as evidenced by
the phosphorylation level of Ser473 in AKT protein (Figure 1
(B,C), and Figure S1C and S1E), suggested that MEF2A and
MEF2D modulated MTORCI through other mechanisms.
A rescue experiment was performed by re-introducing
MEF2A with or without MEF2D in MEF2A and MEF2D
double-knockdown cells. Only coincident MEF2A and
MEF2D reconstitution maximally restored MTORCI activa-
tion upon amino acid stimulation, compared with individual
MEF2A or MEF2D overexpression (Figure 1F). Taken
together, these results indicated that MEF2A and MEF2D
positively regulated MTORCI activity.

MEF2A and MEF2D are essential for MTORC1-dependent
anabolic processes and cell growth

MTORCI promotes protein and lipid biosynthesis and inhi-
bits catabolic processes such as autophagy [1,42,44-46]. We
determined whether MEF2A and MEF2D affected these cel-
lular functions known to be downstream of MTORCI sig-
naling. HeLa cells depletion of both MEF2A and MEF2D
were subjected to amino acid starvation and replenishment
in the presence or absence of puromycin, which is known as
the surface sensing of translation (SUnSET) experiment uti-
lized to monitor and quantify global protein synthesis in
mammalian cells [47]. Detection of puromycin incorpora-
tion by immunoblot assay revealed that depletion of both
MEF2A and MEF2D impaired protein synthesis (Figure 2A).
Furthermore, we stained the neutral lipids by using oil red
O assay to detect the intracellular lipid level in stably MEF2A
and MEF2D knockdown Hela cells. As expected, loss of
MEF2A and MEF2D dramatically reduced the accumulation
of lipids in HeLa cells. Similar results were obtained in TSC2
(TSC complex subunit 2)-depleted cells which accumulate
high levels of lipids as MTORC1 is hyperactivated
(Figure 2B). Moreover, in MEF2A and MEF2D double-
knockdown HeLa cells with or without TSC2 depletion,
reconstitution with MEF2A and MEF2D largely recovered
the content of intracellular lipid (Figure 2B). MTORCI is
a well-established negative regulator of autophagy. To inves-
tigate the impacts of MEF2A and MEF2D depletion on

cellular autophagic activity, we monitored the dynamic
change of MAP1LC3B/LC3B (microtubule associated protein
1 light chain 3 beta) lipidation level by measuring LC3B-II:
GAPDH ratio. The results showed that, in control cells,
amino acid replenishment significantly induced ULKI1
(unc-51 like autophagy activating kinase 1) phosphorylation
at Ser757 targeted by MTORCI and suppressed LC3B lipida-
tion. By contrast, depletion of MEF2A and MEF2D largely
inhibited ULK1 Ser757 phosphorylation and reversed the
suppressive effects of amino acids on LC3B lipidation
(Figure 2C). Similarly, time-lapse imaging of GFP-LC3
puncta formation that reflecting autophagy induction in
stable HeLa cell lines revealed that amino acid restimulation
led to a reduction in GFP-LC3 puncta, which was inversed
by MEF2A and MEF2D knockdown (Figure 2D). Moreover,
compared with control cells, depletion of MEF2A and
MEF2D sustained the autophagic flux upon amino acid res-
timulation, as measured by a decreased ratio of yellow:red
puncta wusing the tandem GFP-RFP-LC3 construct
(Figure 2E). Depletion of MEF2A and MEF2D also reduced
cell size (Figure 2F), a phenotypic characteristic of MTORCI1
inactivation [48]. These results suggested that MEF2A and
MEF2D were required for MTORCI1-mediated anabolic
events and autophagy.

MEF2A and MEF2D promoted the lysosomal localization
of MTORC1 through modulating RRAG GTPase activity

Translocation of MTORCI from the cytosol to the lysoso-
mal membranes is a key step for amino acid induced
MTORCI activation. Since MEF2A and MEF2D regulated
MTORCI activity in an amino acid sensitive manner
(Figure 1), we hypothesized that MEF2A and MEF2D
might regulate MTORCI lysosomal translocation. To sup-
port this idea, lysosome immunoprecipitation (Lyso-IP) was
performed in control and MEF2A and MEF2D double-
knockdown HelLa cells expressing Flag-tagged TMEMI192
(transmembrane protein 192). We found that in MEF2A
and MEF2D knockdown HeLa cells, MTORCI could not
obviously translocate on lysosomes upon amino acid resti-
mulation (Figure 3A). Consistently, depletion of MEF2A
and MEF2D decreased the colocalization of MTOR and
lysosomal protein LAMP2 in HeLa cells when amino acids
were supplemented (Figure 3B). Thus, we concluded that
MEF2A and MEF2D controlled MTORCI lysosomal trans-
location in response to amino acids. RRAG GTPases are
considered as critical regulators of the MTORCI1 cytosol-
lysosomal shutting process through anchoring to lysosome
surface via Ragulator complex and physically interacting
with RPTOR/raptor. Immunoprecipitation assay revealed
that MEF2A and MEF2D depletion attenuated the interac-
tion between RRAGC and MTORCI when amino acids
were supplemented (Figure 3C). We reasoned that MEF2A
and MEF2D might transcriptionally regulate the expression
of RRAG GTPases components. Yet mRNA levels of RRAG
GTPases transcripts remained unchanged in MEF2A and
MEF2D knockdown cells (Figure S2A). To further investi-
gate the mechanistic details of how MEF2A and MEF2D
regulated MTORCI lysosome translocation, we expressed
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MEF2A and MEF2D by using a cell counter. Data are presented as the mean £ S.E.M. (n =3 independent experiments for A, B and C, n=3 independent fields per
condition for E, n =10 per group for F. two-sided Student’s t-test for A, C, D and E, one-way ANOVA for B and E, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant
compared with indicated group).
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constitutively active RRAG GTPases (RRAG[CA]: Flag-
tagged RRAGA®" and Flag-tagged RRAGC*M) [15] in
MEF2A and MEF2D double-knockdown cells, and found
that RRAG(CA) completely rescued MTOR and LAMP2
colocalization in cells (Figure 3D). Consistently,
RRAG(CA) also fully restored MTORCI activation by
amino acids (Figure 3E), indicating that MEF2A and
MEF2D acted upstream of RRAG GTPases to modulate its
activity. Collectively, these data demonstrated that MEF2A
and MEF2D controlled MTORCI lysosomal translocation
via regulating the activity rather than the protein level of
RRAG GTPases.

MEF2A and MEF2D controlled RRAG GTPases activity via
directly transcribing FNIP1 and FNIP2

Since MEF2A and MEF2D exerted a transcriptional activity-
dependent effect on MTORCI signaling (Figures 1 and 2),
we speculated that certain downstream genes were targeted
by MEF2A and MEF2D to control RRAG GTPases activity
and subsequent MTORCI recruitment. To identify the
potential MEF2s regulated genes, we applied CUT&Tag
assay [49] in HelLa cells to identify MEF2-regulated loci in
transcriptionally active euchromatic regions with high reso-
lution and sensitivity. We observed that MEF2D-bound sig-
nals were more prominent at promoter regions compared
with IgG-bound signals and had a strong association with
MEEF2D in our motif analysis (Figure 4A and Figure S2B).
We also revealed nominally significant differentially
expressed genes (DEGs) in our previous transcriptome data
and identified 678 genes were downregulated, and 801 genes
were upregulated in MEF2-VP16 overexpressed HeLa cells
(Figure 4B). KEGG analysis of the DEGs found that the
upregulated genes were associated with the MTOR signaling
pathway and cancer (Figure S2C). Among the DEGs, 175
downregulated and 289 upregulated genes overlapped with
MEF2D bound genes disclosed by the CUT&Tag assay
(Figure 4C). Notably, FNIP2, a component of the FLCN-
FNIP2 complex which is a GAP for RRAGC-RRAGD was
included in the upregulated overlapping genes cluster
Figure 4(B, C). We also searched for MEF2s consensus
DNA binding sites (5-CC[A/t][t/a]AAATAG-3’) in the pro-
moters of human genes known to regulate RRAG GTPases
activity besides FNIP2. The results claimed that multiple
genes including FNIPI, FNIP2, FLCN and RRAGD are
potential MEF2s targets. Further studies revealed that
MEF2A and MEF2D depletion clearly decreased both the
mRNA and protein level of FNIPI and FNIP2, while the
levels of FLCN and RRAGD transcript showed no significant
difference between MEF2A and MEF2D double-knockdown
and control cells (Figure S2A, S2D and S2F). These data
strongly indicated FNIPI and FNIP2 as putative MEF2D
target genes. To confirm this finding, we further performed
chromatin immunoprecipitation-polymerase chain reaction
(ChIP-PCR) and luciferase assays which showed that FNIPI
and FNIP2 were indeed direct transcriptional targets of
MEF2D (Figure 4D, Figure S2E and S2G). Because the
FLCN-ENIP complex functions as a GAP toward RAAGC-
RAAGD, we speculate that MEF2A and MEF2D may affect

RAAGC-RAAGD GTPase activity through transcription of
FNIP1 and FNIP2. To test this, we detected the activity of
RRAGC by isolating RRAG heterodimers from cells ectopi-
cally expressing wild-type RRAGC coupled with a RRAGBY***
construct lacking GTPase activity, considering that the
RRAGs function as obligate heterodimers as previously
described [50,51]. The results showed that compared with
control cells, knockdown of MEF2A and MEF2D led to
a reduction in RRAGC activity, whereas FNIP1 and FNIP2
overexpression significantly rescued RRAGC activity in
MEF2A and MEF2D-depleted cells (Figure S2H), indicating
that MEF2A and MEF2D modulates RRAG GTPases activity
via controlling FNIP1 and FNIP2 expression level. In line
with these results, overexpression of either FNIP1 or FNIP2
in MEF2A and MEF2D-depleted HeLa cells rescued
MTORCI1 lysosomal localization and its downstream sub-
strates phosphorylation upon amino acid restimulation
Figure 4(E,F). In summary, these findings suggested that
MEF2A and MEF2D were transcription factors for the
FNIP1 and FNIP2 gene, which underlies its regulation of
MTORCI signaling.

SRC directly interacted with and phosphorylated MEF2D

SRC proto-oncogene is a protein tyrosine kinase that involved
in cells proliferation, division and migration signaling path-
ways [52]. Aberrantly activated SRC has been known as
a potent driver during oncogenesis  [36,53,54].
Posttranslational modifications of MEF2s, such as phosphor-
ylation, have been established as critical manners for modu-
lating its transcriptional activity [28,55-57]. We then tried to
delineate whether SRC could regulate MEF2s function in
cancer cells. Co-immunoprecipitation (Co-IP) assay revealed
that endogenous MEF2D, but not MEF2A, interacted with
SRC (Figure S3A). In consistent, the transfected exogenous
SRC and MEF2D were also bound with each other (Figure 5A
and Figure S3B and S3C). GST affinity isolation experiment
showed a direct interaction between MEF2D and SRC
(Figure 5B). Intriguingly, the SRC-MEF2D interaction was
markedly enhanced by EGF stimulation (Figure 5C), indicated
that an active construction of SRC kinase appeared to be
critical for its binding with MEF2D. We then asked whether
SRC directly phosphorylates MEF2s. MEF2A or MEF2D
together with SRC constructs were transfected into HeLa
cells, and the phosphorylation level of immunoprecipitated
MEF2A or MEF2D was determined by a pan phospho-
tyrosine antibody. The data clearly showed that only
MEF2D, but not MEF2A was phosphorylated by SRC
(Figure S3D). In vitro kinase assay corroborated that SRC
could directly phosphorylate MEF2D, which was abolished
by SU6656 and Dasatinib, two specific SRC inhibitors
(Figure 5D and Figure S3E). We also found that the level of
tyrosine-phosphorylated MEF2D positively correlated with
the transfected cDNA doses of SRC (Figure 5E). In addition,
compared to wild-type SRC, the kinase-dead SRC failed to
phosphorylate MEF2D (Figure 5F). We next examined
whether growth factors increased SRC-mediated MEF2D tyr-
osine phosphorylation. The results displayed that serum and
EGF stimulation significantly increased MEF2D tyrosine
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Figure 3. MEF2A and MEF2D positive regulate MTORC1 translocation to lysosomes. (A) MEF2A and MEF2D double-knockdown and control Hela cells transfected with
Flag-tagged TMEM192 for 24 h were subjected to amino acid starvation and restimulation. Purified lysosomes via lyso-IP assay (methods). Protein levels of MTOR and
RPTOR (MTORC1 components), LAMP1 and LAMP2 (lysosome), CALR (endoplasmic reticulum), VDAC (mitochondria), GOLGA2 (Golgi) and RPS6KB1 (cytosol) were
confirmed by immunoblotting. Right graph shows the quantification result of MTOR after normalization for LAMP1. (B) cells as in (A) were starved of and restimulated
with amino acids for the indicated times before being analyzed by immunofluorescence and quantified to calculate the percentage of colocalization coefficient of
MTOR (green) and lysosomal protein LAMP2 (red). Scale bar: 10 um. (C) MEF2A and MEF2D double-knockdown Hela cells were subjected to amino acid starvation and
restimulation paradigm. Cell lysates were immunoprecipitated with anti-RRAGC antibody. Immunoprecipitates or total cell lysate (TCL) samples were probed for
MTOR, RPTOR and RRAGC. Right graph shows the quantification result of MTOR after normalization for RRAGC. (D) MEF2A and MEF2D double-knockdown and control
Hela cells that either transfected with constitutively active RRAG GTPases (Flag-tagged RRAGA?®® and RRAGC™*M) or vector coimmunostained for lysosomal marker
LAMP2 (green), MTOR (red) and Flag-tag (violet). Cells were starved of amino acid and restimulated with amino acids before processing and imaging. The graph on
the bottom shows the colocalization coefficient. Scale bar: 10 um. (E) control (lanes 1-2) and knockdown of both MEF2A and MEF2D (lanes 3-6) Hela cells that
transfected with indicated RRAG GTPases were then treated with amino acids administration. Phosphorylation and protein levels of RPS6KB1 and EIF4EBP1 were
determined by immunoblotting. Right graph shows the RPS6KB1:RPS6KB1 ratios. Data are presented as the mean + S.E.M. (n =3 independent experiments for A,
C and E, n=4 independent fields per condition for B, D. two-sided Student’s t-test for A, B, C and E, one-way ANOVA for D, **P < 0.01, ***P < 0.001).
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Figure 4. MEF2A and MEF2D control MTORC1 lysosome localization and activation via transcriptional regulation of FNIP1 and FNIP2. (A) heatmap of the binding sites
of MEF2s at the positions — 3.0 kb upstream to + 3.0 kb downstream relative to the transcription start site (TSS). (B) volcano plot showing DEGs in control and MEF2-
VP16 overexpression Hela cells. The significant changed upregulated genes were labeled with gene names, NR4AT and ARC are well-characterized substrates of
MEF2s. (C) venn diagrams displaying the overlap of downregulated and upregulated genes from the transcriptome with MEF2 bound genes. Bottom table shows
FNIP2 and other genes which are well known as MEF2s substrates including Fos/c-fos, NR4A1, ZNF122 and ARC in the subset of overlap of upregulated genes with
MEF2 bound genes. (D) left-schematic shows the predicted MEF2 binding sites by conserved MEF2 consensus at the positions upstream to FNIPT and FNIP2 genes
transcription start site (TSS). Right plots show the PCR results revealed by chromatin immunoprecipitation assay. MEF2D_1,2 indicate the ChIP-PCR results by different
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immunoblotting, as indicated. Plots on the right show p-RPS6KB1:RPS6KB1 (top) and p-EIFAEBP1:ATCB (bottom) ratios. (F) MEF2A and MEF2D double-knockdown



phosphorylation level, concurring with SRC activation evi-
denced by its elevated phospho-Tyr416 level (Figure 5G). By
contrast, EGF lost its ability to increase the level of phospho-
tyrosine of MEF2D in SRC-depleted cells (Figure 5H).
Likewise, treatment of cells with SU6656 or Dasatinib also
abrogated =~ EGF-mediated = MEF2D  phosphorylation
(Figure 5I). Together, these results illustrated that SRC proto-
oncogene kinase interacted with and phosphorylated MEF2D
upon mitogenic stimulation.

Phosphorylation of MEF2D by SRC was required for
MTORCT1 activation by growth factors

An online phosphorylation sites prediction tool NetPhos-3.1
(https://services.healthtech.dtu.dk/service.php?NetPhos-3.1)

was performed to identify the potential sites in MEF2D protein
sequence. To verify if these predicted residues in MEF2D are
indeed SRC targeted phosphorylation sites, we mutated each of
these tyrosine residues to phenylalanine and tested their phos-
phorylation ability by SRC. The evidence showed that phos-
phorylation levels of MEF2D""'F,  MEF2D"**  and
MEF2D"*7F constructs decreased compared with wild-type
MEF2D (Figure 6A). Combined mutation of Tyrl31, Tyr333
and Tyr337 (3YF) in MEF2D nearly abolished SRC-mediated
tyrosine phosphorylation of MEF2D (Figure 6B). Consistent
results were obtained in the in vitro kinase assay (Figure 6C).
Sequence alignment indicated that all three tyrosine residues in
MEE2D are highly conserved in multiple species (Figure 6D and
Figure S3F). Moreover, compared to wild-type MEF2D, the
unphosphorylable MEF2D-3YF mutation exhibited a much
less level of phospho-tyrosine even after EGF treatment
(Figure 6E). To sum up, these data demonstrated that MEF2D
was phosphorylated by SRC on multi-tyrosine residues. As
MEF2D functions as a transcriptional factor and shuttles
between nucleus and cytoplasm [58], we then tested whether
SRC-mediated MEF2D phosphorylation impacted its cellular
localization and transcriptional activity. We found that ectopic
expression of SRC induced the nuclear translocation of MEF2D
(Figure S3G). Moreover, the results also showed that SRC
caused an increased reporter activity in wild-type but not 3YF
mutated MEF2D-reconstituted HeLa cells with endogenous
MEF2A and MEF2D depletion (Figure 6F), indicating an eli-
cited transactivation potential of MEF2D by its tyrosine phos-
phorylation. Quantitative reverse transcription PCR (RT-qPCR)
revealed that wild-type MEF2D increased the mRNA levels of
ENIPI and FNIP2 whereas the 3YF mutation had little effect on
their levels. It was the same case for NR4Al, ZMAT4 and
DAAMI, which are the well-characterized substrate of MEF2D
(Figure 6G). To confirm whether SRC-MEF2D phosphorylation
was involved in MTORCI activation by growth factors, we
determined MTORCI activation upon growth factor stimula-
tion in control and knockdown of MEF2A and MEF2D HeLa
cells. The results showed that EGF treatment led to a more
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pronounced upregulation of p-RPS6KB1 and p-EIF4EBP1 in
control cells, indicating that EGF boosted MTORCI1 activity in
a MEF2A and MEF2D-dependent manner (Figure 6H). Then
either wild-type MEF2D or the 3YF mutation together with
MEF2A was reintroduced into MEF2A and MEF2D double-
knockdown cells, and the data showed that wild-type MEF2D
fully restored MTORCI activity upon EGF stimulation while
the 3YF mutation failed to do so (Figure 6I). Collectively, these
results proved that phosphorylation of tyrosine residues in
MEEF2D by SRC enhanced its transcriptional activity, represent-
ing an important mechanism linking growth factor stimulus to
MTORCI activation.

SRC-MEF2D-MTORCT1 axis regulates pancreatic cancer cell
growth and predicts clinical outcomes

Aberrant MTORCI and SRC activity has been linked to
cancer development and progression [2,53,54]. Analysis of
the TCGA database revealed that several types of cancer
including pancreatic cancer exhibited elevated MEF2s expres-
sion level (Figure S1A), which positively correlated with the
activation of MTOR pathway in pancreatic cancer as shown
by GSVA analysis (Figure S1B). These data suggested that
SRC-MEF2D-MTORCI1 axis may play a role in pancreatic
cancer. Consistently, depletion of MEF2A and MEF2D signif-
icantly impeded pancreatic cancer cells proliferation, as dis-
played by the cell proliferation and colony formation assay
using AsPC-1 and PANC-1 pancreatic cancer cell lines
Figure 7(A,B). Notably, the decreased cell proliferation rate
implicated by MEF2A and MEF2D depletion could be almost
entirely retrieved by re-expression of wild-type MEF2D but
not the 3YF mutation (Figure 7A). Knockdown of MEF2A
and MEF2D also significantly reduced tumor growth of the
xenografts Figure 7(C,D). These results suggested that MEF2A
and MEF2D were required for sustaining the proliferation of
pancreatic cancer cells. Analysis of the TCGA dataset also
showed that mRNA level of MEF2D is upregulated in
human pancreatic cancer samples and is the predictive factor
for pancreatic cancer with poor clinic outcome (Figure 7E,
Figure S4A, S4B and S4C). Moreover, a strong positive corre-
lation between the mRNA levels of MEF2D and EGFR, SRC,
ENIPI, and FNIP2 was revealed (Figure S4D). The immuno-
histochemistry data consistent with immunoblotting proved
that protein levels of MEF2D were markedly increased in
human pancreatic cancer and positively correlated with that
of FNIP1, FNIP2 or p-EIF4EBPI1 Figure 7(F,G). Finally, we
identified that tyrosine phosphorylation of endogenous
MEF2D was increased significantly in human pancreatic can-
cers, correlating with hyperactivated SRC (Figure 7H). These
results demonstrated that MEF2A and MEF2D are crucial
drivers of pancreatic cancer cell growth and the SRC-
MEF2D-MTORCI axis may be involved in this process.

Hela cells stably overexpressing FNIP1 or FNIP2 by pLVX-IRES-ZsGreen constructs were starved of and restimulated with amino acids before coimmunostained of
LAMP2 and MTOR and analyzed by confocal. MTOR (green), LAMP2 (red), ZsGreen-FNIP1 (violet) and ZsGreen-FNIP2 (violet). The plot on the bottom shows the
colocalization coefficient. Scale bar: 10 um. Data are presented as the mean + S.E.M. (n = 3 independent experiments for E. n = 4 independent fields per condition for

F. one-way ANOVA for F, two-way ANOVA for E **P < 0.01, ***P < 0.001).
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Figure 5. SRC directly interacts with and phosphorylates MEF2D upon mitogenic stimulation. (A) lysate derived from human embryonic kidney 293T (HEK293T) cells
transfected as indicated were immunoprecipitated with IgG or anti-hemagglutinin (HA) antibody. Immunoprecipitation (IP) and TCL were probed for indicated
antibodies. (B) GST affinity isolation assay was performed using HEK293T cells purified Flag-tagged MEF2D protein and bacterially purified GST or GST-tagged SRC
(method), followed by immunoblotting with indicated antibodies. (C) Hela cells were cultured in a serum free medium for 4 h, then treated with or without EGF for
30 min. Cell lysates were immunoprecipitated with anti-MEF2D antibody and blotted with anti-SRC antibody (top panel). TCL was probed for indicated antibodies. (D)
HEK293T purified Flag-tagged MEF2D protein was pre-treated with lambda PP and then incubated with commercial active GST-tagged SRC kinase in a kinase assay
buffer, followed by immunoblotting with indicated antibodies. (E) HEK293T cells transfected as indicated were immunoprecipitated with anti-HA antibody and
blotted with pan p-Tyr antibody. TCL was analyzed by immunoblotting for indicated antibodies. (F) HEK293T cells transfected HA-tagged MEF2D with either Flag-
tagged SRC-WT (wild-type) or Flag-tagged SRC-KD (SRCK**®™, a kinase-dead form of SRC). Cell lysates were immunoprecipitated with anti-HA antibody. IP and TCL
samples were probed for indicated antibodies. (G) Hela cells were maintained in a serum free medium for 4 h, and then treated with or without serum, EGF or serum
plus EGF for 30 min. Total cell lysates and endogenous MEF2D immunoprecipitated were analyzed by immunoblotting with indicated antibodies. Actin as a loading
control. (H) HeLa cells transfected with indicated siRnas against SRC (in two RNAi sequences) or control (siNC) for 48 h were subjected to serum free culture for 4 h,
followed by stimulation with or without EGF for 30 min. Cells were lysed and subjected to immunoprecipitation with anti-MEF2D antibody, followed by
immunoblotting with indicated antibodies. (I) HelLa cells were subjected to serum free medium for 4 h, and then either untreated or restimulation with EGF in
the presence or absence of SRC kinase inhibitor Dasatinib or SU6656. Endogenous MEF2D was immunoprecipitated, followed by immunoblotting with indicated
antibodies.
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Figure 6. SRC-mediated tyrosine phosphorylation of MEF2D is required for transcriptional activity of MEF2D and in regulation of MTORC1 activity. (A) His-tagged
MEF2D-WT or MEF2D mutant constructs (mutation of Tyr33, 57, 69, 72, 117, 131, 225, 333, 337 and 478 residues) were co-transfected with or without Flag-tagged SRC
in HEK293T cells for 24 h. Cells were lysed and subjected to immunoprecipitation against His-tag, followed by immunoblotting with p-tyr antibody. (B) HEK293T cells
transfected His-tagged MEF2D-WT or MEF2D-3YF mutants with or without Flag-tagged SRC were lysed and subjected to immunoprecipitation against His-tag,
followed by immunoblotting with indicated antibodies. (C) Flag-tagged MEF2D-WT or its 3YF mutant protein purified from HEK293T cells was incubated with
commercial active GST-tagged SRC kinase in a kinase assay buffer, followed by immunoblotting with p-tyr antibody. (D) sequence alignment of the residues flanking
across different species. Black arrowheads point to the tyrosine residues corresponding to the Tyr333 and tyr 337 residues in human MEF2D. (E) Hela cells that
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prepared and immunoprecipitation were analyzed by immunoblotting. (F) luciferase assay was performed in depletion of both MEF2A and MEF2D Hela cells after co-
transfection of indicated expression plasmids and wild-type (MEF2 reporter-WT) or mutated (MEF2 reporter-mt) luciferase reporter plasmids for 24 h. (G) gRT-PCR
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Discussion

MTORCI pathway is usually aberrantly activated in human can-
cers and deregulated cell anabolic processes for sustaining their
survival and impetus for growth [44,48,59]. While numerous
studies have indicated that MTORCI functions as a downstream
effector for many frequently mutated oncogenes, resulting in its
hyperactivation, the role of transcription factors in regulation of
MTORCI1 activation is still poorly understood. It has been
reported that MiT/TFE transcription factors controlled
MTORCI activity by directly transcribing RRAGD, and this
modulation was critical for metabolic adaptation to nutrient avail-
ability and multiple types of cancer cell proliferation, demonstrat-
ing a crucial role of transcription factors in MTORCI signaling
[60]. Thus, it would be interesting to test if other transcription
factors may also contribute to modulating MTORCI1 activation in
cancers. Here, we uncovered a novel transcriptional regulatory
mechanism of MTORCI activation supporting cancer progres-
sion, involving the transcriptional factors MEF2s. Our results
confirmed that MEF2A and MEF2D acted as positive regulators
of MTORCI by directly transcribing FNIP1 and FNIP2 to pro-
mote MTORCI recruitment to lysosomes upon amino acid sti-
mulation. Importantly, MTORCI activation mediated by MEF2s
was particularly relevant to pancreatic cancer, as shown by the
analysis of TCGA datasets and our experimental evidence
obtained from human pancreatic cancer samples, which all
demonstrated a strong positive correlation among expression
levels of MEF2D, FNIP1, FNIP2 and MTORCI activity.
Therefore, our finding proved that MEF2A and MEF2D were
essentially required for MTORCI activation and broadened the
molecular regulatory mechanisms of aberrant MTORCI activa-
tion in cancer. Interestingly, although functional redundancy of
MEF?2 family members due to the overlapping DNA binding sites,
our data indicated that both MEF2A and MEF2D were indispen-
sable for full responsiveness of MTORCI to amino acids, suggest-
ing that MEF2A and MEF2D regulated MTORCI activity in
a non-redundant manner. The mechanistic details of how
MEF2A collaborated with MEF2D in controlling MTORCI acti-
vation remained to be deciphered. One possibility is that MEF2A
forms heterodimers with MEF2D and then positively regulates
MEF2-dependent gene expression, which has been well elucidated
in previous studies [61,62].

Post-translation modifications such as phosphorylation
represent a unique integrated code to diversify MEF2s func-
tion. For example, MAPK14/p38 (mitogen-activated protein
kinase 14) and PKC (protein kinase C) have been shown to
phosphorylate MEF2A and MEF2C [28,56,63], enhancing
their transcriptional activity. While CDK5 (cyclin-dependent
kinase 5) phosphorylated MEF2A and MEF2D in the
C-terminal trans-activation domain and impaired their tran-
scriptional potential [55,64]. Here, we determined that

MEF2D was a novel substrate of proto-oncogene protein
kinase SRC which is commonly activated in human cancers,
and mapped Y131, Y333 and Y337 residues in the trans-
activation domain of MEF2D as SRC targeting sites.
Phosphorylation at these sites enhanced MEF2D transcrip-
tional activity. Moreover, our data indicated that phosphor-
ylation and activation of MEF2D by SRC were essentially
required for growth factor-stimulated MTORCI signaling.
Extensive studies illustrated two distinctive pathways, the
growth factor stimulatory pathway governed via RHEB and
the amino acid sensing pathway mainly consisting of the
RRAG GTPases and their regulators, cooperatively controlled
MTORCI activation in a parallel manner. Yet recent studies
showed that these two pathways were interactive rather than
mutually repelled. For instance, investigations proved that
TSC2, the critical molecular responsible for sensing growth
factor, was also recruited to lysosome upon removal of amino
acids, interacting with and allosterically inhibiting RHEB [11].
Analogically, growth factors could modulate the phosphoryla-
tion level of RRAGC to regulate both amino acid and growth
factor mediated MTORCI activation [24]. Our study demon-
strated that MEF2A and MEF2D involved in amino acid
sensing by transcriptional regulation of FNIP1 and FNIP2
could also readily detect growth factor stimulus, which was
attained via the phosphorylation of MEF2D by SRC, a well-
established growth factor-activated kinase. Therefore, similar
to the previous research, our study implied another mechan-
ism mediating crosstalk between amino acid and growth
factor monitoring machinery during the activation of
MTORCI. Notably, our data indicated that unlike MEF2D,
MEF2A was not a substrate for SRC, which may be due to its
failure to interact with SRC, suggesting that SRC-mediated
phosphorylation of MEF2D was a specific regulatory process.
The fact that SRC only phosphorylated MEF2D but both
MEF2A and MEF2D were required during growth factor
evoked MTORCI1 activation was not contradictory.
A previous study showed that phosphorylation of MEF2A by
MAPK14 in the MEF2A-MEF2D heterodimer enhances its
trans-activation activity [61]. We speculated that it might
work in a similar manner in our research, that is, phosphor-
ylation of MEF2D by SRC under mitogen stimulation also
amplified MEF2A-MEF2D  heterodimer transcriptional
potential.

Aberrantly activated SRC has been known to be a potent
oncogenic protein and is actively involved in a variety of
human cancers hallmarks, including cell survival, invasion,
metastasis and angiogenesis [52,53,65,66]. While multiple stu-
dies have shown that SRC gained its activity via either direct
gene mutations or non-genetic events including increased
signaling from receptor tyrosine kinases (RTKs) upon growth
factor stimulation like EGF, the mechanisms relating SRC to

analysis was performed in MEF2A and MEF2D double-knockdown Hela cells that reconstructed with MEF2D-WT or MEF2D-3YF. The mRNA levels of FNIP1, FNIP2, FLCN,
NR4A1, ZMAT4 and DAAM1 were shown. (H) MEF2A and MEF2D double-knockdown Hela cells were starved with serum for 4 h and then treated with EGF for 3 h
before immunoblotting analysis of the activation of MTORC1 with indicated antibodies. Right plots show phosphorylated p-RPS6KB1:RPS6KB1 (top), p-EIFAEBP1:ACTB
(bottom) ratios. (I) MEF2A and MEF2D double-knockdown Hela cells that transfected with indicated plasmids were subjected to serum starvation for 4 h and
restimulated with EGF for 3 h. MTORC1 activity was analyzed similarly to (H). Right plots show phosphorylated p-RPS6KB1:RPS6KB1 (top), p-EIF4EBP1:ACTB (bottom)
ratios. Data are presented as the mean + S.E.M. (n = 3 independent experiments. two-sided Student’s t-test for H, one-way ANOVA for |, *P < 0.05, **P < 0.01, ***P <

0.001).
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Figure 7. MEF2D promotes pancreatic cancer cell proliferation and correlates with clinical and pathological parameters. (A) pancreatic cancer cell line AsPC-1 (top)
and PANC-1 (bottom) that depletion of MEF2A and MEF2D, transfected with either Flag-tagged MEF2D-WT or MEF2D-3YF, respectively and subjected to the cell
proliferation assay (CCK8) to determine viable cell number. NC and knockdown of both MEF2A and MEF2D group co-transfected with empty vector. (B) the colony
formation assay was performed with MEF2A and MEF2D double-knockdown AsPC-1 cells (left) or PANC-1 cells (right). The cells were maintained in complete medium
containing 10% FBS for two weeks before staining and imaging. Scale bars: 5 mm. (C) Representative images (left) and weights (right) of xenograft tumors from nude
mice implanted with MEF2A and MEF2D double-knockdown AsPC-1 cells versus control cells. n =10 mice per group. (D) volumes of tumor burden in nude mice
implanted with MEF2A and MEF2D double-knockdown or control AsPC-1 cells were measured after implantation. n=10 mice per group. (E) TCGA cohort of

pancreatic cancer patients were divided into

two groups according to the median level of MEF2D mRNA expression. Overall survival was compared between these

two groups, as shown in Kaplan-Meier curves. Log-rank P values are indicated. (F) immunoblot analysis of MEF2D, FNIP1, FNIP2, EIFAEBP1 and p-EIF4EBP1 were
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oncogenesis remained to be completely deciphered. Recently,
several studies have specified the role of SRC in cell prolifera-
tion with unexpected mechanisms. For example, in human
breast cancer, SRC promoted tumor malignancy by boosting
glycerolipid synthesis via an SRC-LPIN1/lipinl axis [54]. In
addition, SRC was involved in the activation of MTORCI1 by
facilitating the dissociation of GATORI1 from the RRAGs in
many cancer types [67]. In this study, we also demonstrated
that SRC regulated growth factor-mediated MTORCI activa-
tion but added another layer of regulation involving the
transcriptional modulation of the amino acid sensing
machine, shedding new light on the mechanistic details
underlying the tumor-promotion effects of SRC.

According to previous studies, MEF2s are well-
characterized oncogenes for multiple cancers [39,68]. Yet
the specific roles of MEF2s in tumorigenesis are largely
unknown, especially in solid tumor. Our discoveries sup-
ported that one possible mechanism underlying the tumor-
promoting effects of MEF2A and MEF2D may be that they
controlled the activation of MTORCIL. Supporting this
notion, analysis of the TCGA dataset showed that MEF2A
and MEF2D were significantly upregulated and were pre-
dictive factors for pancreatic cancer, and a positive correla-
tion between MEF2D expression and genes directly
regulated by MTOR in pancreatic cancer was further evi-
denced by GSVA analysis. Moreover, our data deriving
from in vitro cell proliferation assay, in vivo animal studies
and examination of human tumor tissues experimentally
illustrated the critical role of SRC-MEF2D-MTORCI1 axis
in pancreatic cancer. We showed that SRC activity and the
MEF2D tyrosine phosphorylation level were markedly
increased in human pancreatic cancers. We also identified
that upregulation of MEF2D was positively associated with
ENIP1, FNIP2 and high MTORCI activity in pancreatic
cancers. Both MEF2A and MEF2D expression and phos-
phorylation of MEF2D were required for sustained pan-
creatic cancer cell proliferation. Yet our study was limited
as we failed to generate specific antibodies recognizing the
three tyrosine residues in MEF2D targeted by SRC, which
should be utilized to accurately determine the phosphoryla-
tion level of MEF2D in pancreatic cancer samples. Also,
considering the critical role of MTORCI signaling in multi-
ple human cancer types, further investigations are needed
to check the role of SRC-MEF2D-MTORCI1 pathway in
other malignancy diseases apart from pancreatic cancer.

Materials and methods
Cell culture and treatments

All cells were maintained at 37°C, 5% CO, and cultured in the
following media: HeLa cells (American Type Culture

Collection, CCL-2), HEK293T cells (American Type Culture
Collection, CRL-3216), PANC-1 human pancreatic cancer
cells (American Type Culture Collection, CRL-1469) and
their derivatives were held in high glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM, Corning, 10-013-CV); AsPC-1
human pancreatic cancer cells (American Type Culture
Collection, CRL-1682) and its derivative were grown in
RPMI-1640 (Corning, 10-040-CV). All media were supple-
mented with 10% fetal bovine serum (AusGeneX, FBS500-S),
penicillin and streptomycin (Hyclone, SV30010). All cell lines
were authenticated by STR profiling and validated to be free
of mycoplasma contamination.

For amino acid starvation experiments, culture cells were
rinsed twice with PBS (Corning, 21-040-CMR) and then
maintained in amino acid-free DMEM (USBiological,
MBS6120661) for 60 min. For amino acid restimulation, cells
were treated with a handmade medium by directly adding
commercial essential (Gibco, 11130077) and non-essential
(Gibco, 11140076) amino acids to 1x in amino acid-free
DMEM supplemented with glutamine (Gibco, 25030081).
For leucine restimulation, cells were restimulated with hand-
made leucine solutions by suspending leucine powder (Sigma-
Aldrich, L8192) in amino acid-free DMEM. All media in
amino acid starvation or restimulation experiments were sup-
plemented with insulin (Tocris, 3435/10) at 200 ng/ml instead
of regular FBS. To remove the serum, cells were washed twice
with PBS and then cultured at serum-free DMEM for the
indicated time.

Antibodies and chemicals

The antibodies and other reagents used in this study were
from the following sources: phospho-RPS6KB1/p-S6K1 (9234;
1:1,000 WB), RPS6KB1/S6K1 (9202; 1:1,000 WB), phospho-
EIF4EBP1/p-4E-BP1 (9451; 1:3,000 WB), EIF4EBP1/4E-BP1
(9644; 1:1,000 WB), phospho-AKT (4060; 1:6,000 WB), AKT
(4691; 1:6,000 WB), MTOR (2972; 1:1,000 WB; 1:200 immu-
nofluorescence [IF]), RPTOR/raptor (2280; 1:1,000 WB),
RRAGC (3360; 1:1,000 WB), LC3B (3868; 1:1,000 WB),
ENIP2 (57612; 1:1,000 WB; 1:300 immunohistochemistry
[IHC]), FLCN (3697; 1:1,000 WB), MEF2D (77986; 1:1,000
WB; 1:400 IHC; 1:50 ChIP), HA (3724; 1:2,000 WB), His
(2365; 1:2,000 WB), VDAC (4661; 1:1,000 WB), GOLGA2/
GM130 (12480; 1:1,000 WB), Flag (8146; 1:1,000 WB),
CALR/calreticulin  (12238; 1:1,000 WB), phospho-tyrosine
/p-Tyr (9411; 1:3,000 WB), SRC (2109; 1:1,000 WB), phospho-
SRC (59548; 1:1,000 WB) and ACTB/pB-actin (3700; 1:10,000)
were purchased from Cell Signaling Technology/CST. LAMP2
(ab25631; 1:500 WB; 1:120 IF), LAMP1 (ab24170; 1:1,000
WB), FNIP1 (ab25631; 1:1,000 WB; 1:300 IHC), phospho-
EIF4EBP1 (ab278686; 1:200 IHC), MEF2A (ab264329;
1:1,000 WB) and MEF2C (ab231859; 1:1,000 WB) were

performed in pancreatic tumors and paired adjacent normal tissues. ACTB was probed for as a loading control. Tumor-adjacent normal tissue (N), tumor (T). (G)
randomly selected pancreatic cancer samples and their paired adjacent normal tissues were lysed and subjected to IP against MEF2D, followed by immunoblotting
with the pan p-Tyr antibody. (H) Representative immunohistochemistry of pancreatic cancer and paired adjacent normal tissue sections were stained for MEF2D,
FNIP1, FNIP2 and p-EIF4EBP1 respectively. Scale bars: 200 pm. Data are presented as the mean + S.E.M. (n = 3 independent experiments for a and B, n = 8 biologically
independent samples for F, n = 4 biologically independent samples per group for G and H. two-sided Student’s t-test for a and D, *P < 0.05, **P < 0.01, ***P < 0.001).



obtained from Abcam; MEF2D (610774; 1:50 ChIP) from BD
biosciences; puromycin (MABE341; 1:1,000 WB) was pur-
chased from Sigma-Aldrich. Flag tag (NB-600-344; 1:500 IF)
was purchased from Novus Biologicals. Flag tag (20,543-
1-AP; 1:150 IP), HA tag (66006-2-lg; 1: 200 IP), His tag
(66005-1-Ig; 1:200 IP) were purchased from Proteintech;
HRP-conjugated goat anti-mouse IgG (AS003), HRP-
conjugated goat anti-rat IgG (AS028), HRP-conjugated
mouse anti-rabbit IgG Light Chain (AS061), HRP-
conjugated goat anti-rabbit IgG Heavy Chain (AS063) and
HRP-conjugated goat anti-rabbit IgG (AS014) were obtained
from ABclonal; Alexa Fluor 488-adsorbed donkey anti-rabbit
IgG (A-21206), Alexa Fluor 594-adsorbed donkey anti-mouse
IgG (A-21203), Alexa Fluor 647-adsorbed donkey anti-rabbit
IgG (A-31573), Alexa Fluor 647-adsorbed donkey anti-goat
IgG (A-21447) and LysoTracker™ Red DND-99 (L7528) were
purchased from Invitrogen.

The chemicals used were torinl (52827), SU6656 (AS061)
and Dasatinib (S1021) from Selleckchem; cycloheximide
(CHX; HY-12320) from MedChemExpress; puromycin
(60210ES25),  hygromycin  (60225ES03) and G418
(60220ES03) from Yeasen; Recombinant human EGF (236-
EG) from R&D Systems; protease inhibitor cocktail (539134)
and phosphatase inhibitor cocktail (524625) from EMD
Millipore.

Plasmids and small interfering (si) RNAs

The Flag-tagged MEF2A, Flag-tagged MEF2D, Flag-tagged
dnMEF2, MEF2-VP16 and MEF2 reporter plasmids were the
gifts generously provided by Dr. Zixu Mao (Departments of
Pharmacology and Neurology, School of Medicine, Emory
University). The cDNA for human MEF2D (NM_005920.4),
ENIP1 (NM_133372.3) and FNIP2 (NM_020840.3) were ampli-
fied according to their mRNA by using high-fidelity DNA poly-
merase (Vazyme, P515-01) and cloned into BamHI and EcoRV
sites of pcDNA™3.1/myc-His (Invitrogen, V80020) through in-
fusion cloning assay (In-Fusion Snap Assembly Kit; Clontech,
638974). HA or Flag tag sequence was synthesized and inserted
into HindIII and Kpnl sites of pcDNA™3.1/myc-His vector to re-
construct the vector. The c¢DNA encoding TMEMI92
(NM_001100389.2), human SRC (NM_005417.5) and MEF2D
(NM_005920.4) were amplified and cloned into BamHI and
EcoRV sites of HA/Flag-pcDNA™3.1 vector similarly. Kinase
dead mutation SRC****™ was generated from wild-type Flag-
tagged SRC using the site-directed mutagenesis kit (Agilent,
210513). Y33F, Y57F, Y69F, Y72F, Y117F, Y131F, Y225F,
Y333F, Y337F and Y478F mutants MEF2D were generated
from wild-type His-tagged MEF2D. The primers used were listed
as follows: K298M E: 5-GGCTTCAGGGT
CATGATGGCCACCCTGGTGGTAC-3' and R: 5
GTACCACCAGGGTGGCCATCATGACCCTGAAGCC-35
Y33F F: 57-
GCACGCTCAGCTCAAACGCCTTCTTCATCAG-3‘ and R:
5-CTGATGAAGAAGGCGTTTGAGCTGAGCGTGC-3%;
Y57F F: 57-

GGTGCTGGCGAACTGGAACAGCTTGTTGGA-3° and R:
5-TCCAACAAGCTGTTCCAGTTCGCCAGCACC-37;
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Y69F F: 5”-GCTCATTGTACTCCGTGA
ACTTGAGCAGCACCTTG-3° and R: 5-
GCTCATTGTACTCCGTGAACTTGAGCAGCACCTTG-3%;

Y72F F: 5”-CTCGTGTGGCTCATTGAAC
TCCGTGTACTTGAG-3‘ and R: 5-
CTCAAGTACACGGAGTTCAATGAGCCACACGAG-37;

Y117F F: 5”- GCGCGTCGGAACTTGTCCTCCAGCAGG-
3“and R: 5’- CCTGCTGGAGGACAAGTTCCGACGCGC-3%;

Y131F E: 57-
CAGTTGACCCAAAGCGCCGGAAGAGCCC-3‘ and R: 5-
GGGCTCTTCCGGCGCTTTGGGTCAACTG-3%;

Y225F F: 57-
CGAGCACTGACGAAGCCATTCCCAACAGGG-3‘ and R:
5- CCCTGTTGGGAATGGCTTCGTCAGTGCTCG-3”;

Y333F E: 5”-CTGGTAATCTGTGT
TGAAGGCAGTGGGCATGGA-3¢ and R: 5-
TCCATGCCCACTGCCTTCAACACAGATTACCAG-3%;

Y337F E: 5”-CTGGTCAACTGGAAATC
TGTGTTGTAGGCAGTGGGC-3 and R: 5-
GCCCACTGCCTACAACACAGATTTCCAGTTGACCAG-
3%

Y478F F: 5”- CTCCCGTCTCAAAGGATCCCCCGGC-3
and R: 5- GCCGGGGGATCCTTTGAGACGGGAG-37;

For siRNA-mediated protein knockdown experiments, cells
were transfected using Lipofectamine 2000 Transfection Reagent
(Invitrogen, 11668019) according to the manufacturer’s instruc-
tions with the indicated siRNA and analyzed after 48 h (unless
stated otherwise). Sequences of siRNAs were listed as follows:
siTSC2 5'-GCUGUUACCUCGACGAGUA-3'; siSRC-776 5'-
GCGGCUCCAGAUUGUCAACAA-3 siSRC-1395 5'-
GUCAUGAAGAAGCUGAGGCAU-3% sSIMEF2A 5'-
CUGGCAGCAAGAACACAAU-3'; siMEF2C 5'-
GAUAAUGGAUGAGCGUAAC-3'; siMEF2D 5'-
GUAGCUCUCUGGUCACUCC-3'.

Lentiviral production and stable cell lines generation

HeLa, AsPC-1, and PANC-1 stably knockdown MEF2A and
MEF2D cell lines were established by a lentiviral system.
The following lentiviral constructs were used: pLKO.1-puro
(Addgene, 8453; deposited by Bob Weinberg) and
pLKO.1-neo  (Addgene, 13425; deposited by Sheila
Stewart). The sequence of shRNA targeting MEF2A and
MEF2D mRNA or 3UTR was obtained from Sigma-
Aldrich (TRCN0000015897, TRCN0000274112,
TRCN0000005134 and TRCN0000005132). To generate
a stable expression of FNIPI or FNIP2 in stable knockdown
of both MEF2A and MEF2D Hela cells, FNIP1 and FNIP2
fragments were cloned into pLVX-IRES-ZsGreenl
(Clontech, 632187) for stable cell line generation. GFP-
LC3 was cloned into pLVX-IRES-hygro (Clontech, 632185)
to generate a stably expressing HeLa cell line. All constructs
used were verified by DNA sequencing (Tsingke
Biotechnology). The RFP-GFP-LC3II adenovirus were pur-
chased from HANBIO Biotechnology (AP21122705).
Lentiviruses were generated by transfection of HEK293T
cells in 60mm plate with pLKO.1-neo-shMEF2A,
pLKO.1-puro-shMEF2D or pLVX-IRES-ZsGreen-FNIPI,
pLVX-IRES-ZsGreen-FNIP2, =~ PLVX-IRES-Hygro-GFP-LC3
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constructs and control (indicated lentiviral backbone) in com-
bination with the psPAX2 and pMD2.G packaging plasmids
using Lipofectamine 2000 transfection reagent. After 12h,
medium was switching with fresh DMEM supplemented
with 10% FBS to remove the transfection reagent. After an
additional 24 h, supernatants medium with viral particles were
harvested and a 0.45pum filter was used to eliminate cell
debris. For stable cell line generation, target cells at about
70% confluent were added viral particles supplemented with
8 mg/ml polybrene (Sigma Aldrich, TR-1003) and cultured at
37°C, 5% CO, for another 24 h. Cells were selected by pur-
omycin, G418 or hygromycin after transfected for 72 h.

Cell lysis and western blotting

Cells were harvested and lysed in pre-cold RIPA lysis buffer
(Millipore, 20-188) supplemented with protease and phos-
phatase inhibitors on ice for 20 min. Total lysates were gently
sonicated and then centrifuged in a microcentrifuge at 16,000
g for 20 min at 4°C. The supernatant was transmitted to a new
microcentrifuge tube as total protein sample. The protein
concentration of the sample was measured by Bradford
assay kit (Thermo Fisher Scientific, 23225). Samples were
added loading buffer and boiled at 95°C for 5min before
loaded on 8%~15% SDS-PAGE gel, then transferred to the
0.22 um PVDF membrane (Roche, 03010040001) and incu-
bated membrane with the indicated antibodies overnight at
4°C. Secondary HRP-coupled antibodies were incubated for 2
h at room temperature (RT). The blots were then visualized
with the chemiluminescent detection system (Bio-Rad).
Immunoblotting was quantified by calculating the intensity
of bans by densitometry analysis using the Fiji software.

Immunoprecipitation and transfection

For immunoprecipitation experiment, cells were lysed by ice-
cold TX-100 lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM Na,EDTA, 1 mM EGTA, 2.5 mM sodium pyro-
phosphate, 1 mM DTT, 1% Triton X-100 [MP bio, 9002-93-
1]) supplemented with protease and phosphatase inhibitors.
Gently sonication was used to completely lyse cells and shear
DNA. For co-immunoprecipitation, cells were prepared in
pre-cold Pierce™ IP buffer (Thermo Fisher Scientific, 87787)
supplemented with protease inhibitors. The cell lysate was
gently rotated at 4°C for 4h (HulaMixer, Invitrogen) and
then centrifuged at 16,000 g for 15 min at 4°C. The indicated
antibodies were incubated with the supernatants of cell lysates
and gently rotated overnight at 4°C, subsequently mixed with
pre-washed protein A/G-plus agarose beads (Santa Cruz
Biotechnology, sc-2003) at 4°C for 4 h. Immunoprecipitates
were isolation by centrifuging samples at 1,000 g for 3 min
and washed 5 times with the lysis buffer before being sepa-
rated by SDS-PAGE and immunoblotted with indicated
antibodies.

For transient transfection experiments, HEK293T and
HeLa cells were seeded in culture dishes and incubated for
approximately 24 h. Cells were then transfected with indicated
pcDNA3.1-based expression vectors by Lipofectamine 2000
transfection reagent for another 24 h.

RNA extraction and real-time quantitative PCR (RT-qPCR)
analysis

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen, 15596026) according to the manufacturer’s pro-
tocol. RNA input (lug) was reverse transcribed by
PrimeScript™ RT reagent Kit (Takara, RR047A) to synthesize
c¢DNA. Quantitative PCR analysis on cDNAs was carried out
using the iQ5™ PCR system (Bio-Rad, CA, USA) with TB
Green® Premix Ex Taq™ II (Takara, RR820A). Fold change
values were calculated with the AACt method. The following
primers were used in qPCR: RRAGA F. 5-
CATGAGGTCGATAATCTTCGCC-3’ and R: 5-
GAGTGTTCCACGTCAATGGTG-3; RRAGB F: 5-

GGTGGGCAAGACACCTTCAT-3 and R: 5-
GCGGCTCTCCACATCAAAGA-3’; RRAGC F 5-
AGGGCCAATGATGACCTTGC-3 and R: 5-
GTGGAATGAGTTTCTGCACCA-3; RRAGD F:. 5-
CTAGCGGACTACGGAGACG-3 and R: 5-

ATGAGCAGGATTCTCGGCTTC-3’; NR4AI1/Nur77 F:. 5-
TCTGCTCAGGCCTGGTGCTAC-3 and R: 5-
GGCACCAAGTCCTCCAGCTTG-3; ZMAT4 F 5-
TACGAGAGTCGAAAACATGCAA-3 and R: 5-
CCACCGCTGAAGTGAATGACA-3; DAAMI F. 5-

AGTATGCCAGCGAAAGGACC-3 and R: 5-
TTCATCTCGATACCGCCCAGT-3’; FNIPI F: 5-
GGTTCTCGGTGCTCTTCTGAT-3’ and R: 5-
GCTGTGGAGGGGAACGAAT-3’; ENIP2 F: 5-
TCGTACTGGAAGTAACCTAGCA-3 and R: 5-
AGGCTGATCGAGCAATGCC-3% FLCN F: 5-
TCTTCAGCATTGTCCGCCAG-3 and R: 5-
AGTTGATGAGGTAGATCCGGTC-3; GAPDH F. 5-
TGCTGGTGCTGAGTATGTCG-3 and R: 5-

CATGTCAGATCCACAACGG-3.

Luciferase reporter assay

MEF2 Luciferase Reporter experiment was performed as
described previously [69]. Briefly, cells were co-transfected
with indicated constructs with MEF2 luciferase reporter
plasmid (WT, reporter with wild-type MEF2 DNA binding
sites; mt, reporter with the MEF2 DNA binding sites
mutated) using Lipofectamine 2000. The p-galactosidase
expression plasmid (Promega, E1081) was used to deter-
mine the efficiency in each transfection. The total amount
of DNA for each transfection was kept constant using
empty vectors. Cell lysates were analyzed for luciferase
and normalized for transfection efficiency by p-
galactosidase activity according to the manufacturer’s
instructions (Promega, E6110 and E4720). For FNIP1 and
FNIP2 Luciferase Reporter assay, the predicted MEF2 DNA
binding sites on FNIPI and FNIP2 promoter regions were
amplified by PCR from the HeLa cell genome and cloned
into Kpnl and Xhol sites of pGL3-basic luciferase reporter
vector (Promega, E1751). HEK293T cells were transfected
with indicated FNIPI or FNIP2 reporter plasmids with an
increasing amount of MEF2-VPI6 and subsequently pro-
cessed as described above. The primers used were listed as
following: ENIP1-900 F: 57-



TACGCGTGCTAGCCCGGGAGACTGTGAGGTCACATG-
TGAG-3‘ and R: 5-
CAGTACCGGAATGCCTCAGGAAGCCTAAAGACATAT-
ATG-3% FNIP1-2700 F: 5°-
TACGCGTGCTAGCCCGGGTGACTGATAGGATCTACA-
CTTCTG-3‘ and R: 5’-
CAGTACCGGAATGCCTCCTCTGGCATCAAATGCTGA-
A-35% FNIP2-1200 F: 5-TACGCGTGCTAGCC
CGGGCACAGCTAGTTCCCAACCAAG-3° and R: 5-
CAGTACCGGAATGCCAGGAGGACTCTTGGAGACTCA-
3%, FNIP2-3400 F: 5’-
TACGCGTGCTAGCCCGGGTGGATCACTTGAGGTCAG-
GAGTTCAAGACC-3‘ and R: 5’-
CAGTACCGGAATGCCAGAGTAGCTGGGACTACAGA-
TACCCACC-3”.

Lysosome immunoprecipitation (Lyso-IP)

Lysosome immunoprecipitation assay was conducted as
a previously described protocol [70]. Briefly, Control and
knockdown of MEF2A and MEF2D Hela cells in a 15cm
dish were transfected for 48 h with Flag-tagged TMEMI192
then performed amino acid starvation for 60 min and resti-
mulation for 20 min. Cells were quickly rinsed twice and
scraped in ice-cold KPBS (136 mM KCl, 10 mM KH,PO,,
pH 7.25 was adjusted with KOH). Cells were collected under
centrifuged at 1,000 g for 2 min at 4°C and then resuspended
in 950l fractionation buffer (50mM KCl, 90 mM
K-gluconate [Sigma-Aldrich, 1550001], 1 mM EGTA, 5mM
MgCl,, 50 mM sucrose [Sigma-Aldrich, 573113], 5 mM glu-
cose, 20 mM HEPES, pH 7.4, 2.5mM ATP [Sigma-Aldrich,
A1852], as previously described [27]) supplement with pro-
tease inhibitor. 50 pl content was reserved for further use as
total cell lysis. Cells were physically broken using a 2ml
homogenizer (Thermo Fisher Scientific, K8853000002) and
then centrifuged at 1,000 g for 2 min at 4°C. The supernatant
containing the cellular organelles was mixed with 150 puL anti-
Flag magnetic beads (Sigma-Aldrich, M8823) on a gentle
rotator for 10min at 4°C to enrich lysosomes.
Immunoprecipitates with 1x SDS loading buffer were dena-
tured for 5min at 95°C and then analyzed by
immunoblotting.

Protein purification and in vitro GST affinity-isolation
assay

Full-length cDNA of SRC was cloned into pET-41b(+) expres-
sion vector (Novagen, 70557). Protein expression was per-
formed in the engineered BL21 E. coli bacteria. The
transformed E. coli cells were cultured in 100 ml LB medium
at 37°C in an orbital shaker for 12 h and then incubated for 6
h with 1mM isopropyl-D-thiogalactopyranoside (IPTG;
Sigma Aldrich, 16758) to induce the expression of GST-
tagged SRC and GST (as control). Glutathione sepharose
beads (MCLAB, GAB-200) were used to purify GST-tagged
SRC. Recombinant human Flag-tagged MEF2D was immuno-
purified from HEK293T cells. Cells were transfected with
indicated expression plasmid for 48h and then lysed and
immunoprecipitated as before. Protein-beads complex was
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washed twice by high salt lysis buffer (20 mM Tris-HCI, pH
7.4, 0.5M NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% Triton
X-100) to remove the nonspecific binding proteins.
Competitive elution with free Flag peptide (Sigma Aldrich,
F3290) was used to purify the Flag tag fusion protein from
immunoprecipitates.

In the GST affinity-isolation assay, the glutathione beads-
bound GST or GST-SRC proteins were incubated with pur-
ified Flag-tagged MEF2D protein in GST affinity-isolation
buffer (150 mM NaCl, 50mM Tris-HCIl, pH 7.4, 0.5%
Nonidet P-40 [Thermo Fisher Scientific, 85124], 1 mM
PMSF [Beyotime, ST506]) at 4°C for 1.5 h. Precipitates were
washed 3 times with affinity-isolation buffer, then loading
sample on SDS-PAGE gel and blotting with anti-MEF2D
and anti-GST antibodies to detect Flag-tagged MEF2D, GST
or GST-SRC.

In vitro kinase assay

In vitro kinase assay was performed based on a previously
described protocol [54,71]. In brief, HEK293T purified Flag-
tagged MEF2D-WT or MEF2D-3YF proteins were pre-treated
with lambda protein phosphatase (Lambda PP; NEB, P0753S)
according to the manufacturer’s protocol to release phosphate
groups from phosphorylated serine, threonine and tyrosine
residues in proteins. Active GST-tagged SRC kinase (Abcam,
ab60884) was incubated with fully dephosphorylated Flag-
tagged MEF2D-WT or MEF2D-3YF in a kinase buffer con-
taining 25 mM HEPES (pH 7.4), 50 mM NaCl, 5 mM MgCl,,
1 mM DTT, 0.5mg/ml BSA (Sangon Biotech, A600903), 1
mM Na;VOy,, 30 uM cold ATP for 30 min at 30°C. Reactions
were stopped by addition of SDS loading buffer, followed by
SDS-PAGE, transferring to PVDF membrane and immuno-
blotting with phospho-tyrosine antibody.

CUT&Tag and chromatin immunoprecipitations (ChIP)

CUT&Tag assay was performed according to the previously
described protocol [49] and the manufacturer’s instructions
(Novoprotein, N259-YHO1). Briefly, 50000 HeLa cells were
harvested and incubated with concanavalin A-coated mag-
netic beads (Novoprotein, N251-01A) for 15 min. The beads
binding cells were permeabilized with 0.05% digitonin
(Novoprotein, N253-YHO1) and then incubated with pri-
mary MEF2D antibody (BD biosciences, 610774) or mouse
IgG1 (CST, 5415) as a control on a rotating platform over-
night at 4°C. An appropriate secondary antibody (Abcam,
ab6708) was incubated with a primary antibody-cell-bead
complex to increase the number of protein A binding sites.
After removing unbound antibodies by twice washing, the
complex was incubated with pA-Tn5 (Novoprotein, M059-
YHO1) and subjected to a transposition reaction. Next, cells
were resuspended in fragmentation buffer and incubated at
37°C for 1h. Then the DNA fragments were extracted,
purified and subjected to library construction using the
reagents provided by the kit. All the generated libraries
were sequenced by Illumina sequencer (DIATRE Biotech
Co., Ltd).
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ChIP assay was performed from 2 x 10” fixed HeLa cells
using a ChIP Assay Kit (Millipore, 17-295) according to
the manufacturer’s protocol. Purified sheared DNA was
subjected to PCR using Phanta Max Master Mix (Vazyme,
P515-01) for fragment amplification. The primers used in
ChIP-PCR were listed as following: FNIPI-900 F: 57-
AGACTGTGAGGTCACATGTG-3¢ and R: 5-
ACCAACGAAGTCAGGAAGCCT-35 FNIP1-2700 F: 5-
TGCCAGTCATGGACAGCCA-3° and R: 5-
AGTGGAAACAGGCCAAAGTC-3% FNIP2-1200 F: 5’-
CACAGCTAGTTCCCAACCAAG-3° and R: 5-
AGGAGGACTCTTGGAGACTCA-3% FNIP2-3400 F: 5-
TGGATCACTTGAGGTCAGGAG-3° and R: 5-
GCCTAACCATCCAGAGTAGCT-3; RRAGD-500 F: 5-
TGGTGGGAAGCACTTTGAAC-3 and R: 5-
TCCTGCTTACAGTCCTGAGCT-3”. PCR products were
separated by agarose gel electrophoresis and visualized
with ethidium bromide under ultraviolet.

Immunofluorescence assays

For the MTOR lysosomal localization experiment, HeLa cells
were cultured on coverglass bottom dishes (NEST, 801001) for
24 h. Cell plates were washed twice with PBS, starved in amino
acid-free DMEM supplemented with insulin for 60 min, and
then left untreated or stimulated with amino acids for 20 min.
After that, cells were aspirated medium, washed with PBS twice,
and fixed for 10 min with 4% paraformaldehyde in PBS at RT.
Cell dishes were then rinsed 3 times with PBS and permeabilized
with 0.1% Triton X-100 for 20 min at RT. Cells were subse-
quently incubated with blocking buffer (0.01% Triton X-100
plus 10% donkey serum [Jackson ImmunoResearch, 017-000-
121] and 2% BSA in PBS) for 1 h at RT and then incubated with
primary antibodies (LAMP2 and MTOR) in 5% donkey serum at
4°C overnight. Cells were then rinsed five times with PBS and
incubated with secondary antibodies in 5% donkey serum for 2 h
at RT. After washing, cells were incubated with DAPI (Roche,
28718-90-3) for 10 min. Images were detected on Nikon Al
confocal microscopes using a 60xoil immersion objective.
Colocalization analysis was performed using Fiji 1.0 software.

Immunohistochemistry assay

Human pancreatic cancer and paired adjacent samples were
post-fixed with 4% paraformaldehyde for 24 h at 4°C. They
were dehydrated in a graded series of ethanol, cleared with
xylene (Lecia, TP1020), and infiltrated with paraffin (Leica,
EGI1150H). Paraffin-embedded blocks were cut on
a microtome in 6 um sections (Leica, HistoCore BIOCUT).
Immunohistochemistry was performed following the manu-
facturer’s instructions (ZSGB-BIO, SAP-9100). Images were
taken using an automated high throughput slide scanner
(Pannoramic MIDI, 3DHIESTECH).

Oil red O staining

Oil Red O staining was performed according to the manufac-
turer’s instructions (ZHONGHUIHECAI, CDO011). For statis-
tical analysis of Oil Red O content levels, isopropanol was

added to each sample shaken for 5min at RT, and each
sample was assessed spectrophotometrically at 510 nm
(Molecular Devices, SpectraMax M5).

Determination of cell size

MEF2A and MEF2D double-knockdown and control HeLa
cells were seeded into 60 mm culture dishes for 24 h under.
Cells were washed once with PBS and harvested by trypsini-
zation, then cells were resuspended with PBS and were sub-
jected to cell diameter determination at the confluence of 2 ~
4% 10° cells/ml by the easy cell counter (JIMBIO FIL PLUS).

Cell proliferation and colony formation assays

For cell proliferation experiment, cell counting kit-8 (CCK-8)
(MedChemExpress, HY-K0301) was used according to the
manufacturer’s instructions. For colony formation assay,
AsPC-1 and PANC-1 cells were seeded at appropriate con-
centrations in the 6-well plate with 2ml complete medium.
Cells were cultured for around 2 weeks for colony formation.
Colonies were fixed with 4% paraformaldehyde and stained
with crystal violet staining solution (Sangon Biotech,
E607309).

Tumor xenograft studies

MEF2A and MEF2D double-knockdown and control AsPC-1
cells were harvested by trypsinization then washed twice with
serum free culture medium and re-suspended to 1 x 10° cells
per 50 ul in serum free DMEM. The cells were then mixed
with an equal volume of Matrigel (Corning, 356230). One
hundred microliter (ul) of the cell suspension were injected
into the 8-week-old BALB/c nude mice (BALB/c nude mice
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. and kept in a specific-pathogen-free
facility). Xenografts were measured with a caliper every 3
days (tumor volume = width® x length x 1/2) after one week
of injection. Mice were euthanized when tumors reached
about 15 mm and xenograft tumors were dissected for analy-
sis. The protocol of the experiments using mice was carried
out according to the Guidelines for Animal Care and Use of
the Fourth Military Medical University (FMMU), Xi’an,
China.

Clinical samples

Human pancreatic cancer samples were all from the Second
Affiliated Hospital of FMMU. All the procedures were
approved by the Institutional Review Board of the Fourth
Military Medical University and conducted by the
Declaration of Helsinki. Fresh pancreatic cancer samples (12
tumor samples and 12 paired adjacent normal tissues) were
obtained from patients, quickly processed and stored at —80°C
for further use. The clinical stages of pancreatic cancer were
classified according to the 8th Edition of the AJCC Cancer
Staging Manual.



Statistical analysis

The statistical analysis was performed using GraphPad ver-
sion 8 software for Windows. Unpaired two-sided Student’s
t test was used to compare two groups, and one-way or two-
way ANOVA with Dunnett’s or Turkey’s post-hoc test was
carried out for multiple comparisons. Experimental data are
shown as the average + SEM. Log-rank test was used to deter-
mine the statistical differences of the survival data. P<0.05
was considered significant and details of reproducibility and
statistics are indicated in the corresponding figure legends.
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