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Loss of function of tuberous sclerosis complex 1 or 2 (TSC1 or
TSC2) leads to the activation of mammalian target of rapamy-
cin complex 1 (mTORC1). Hyperactivated mTORC1 plays a
critical role in tumor growth, but the underlying mechanism
is still not completely elucidated. Here, by analyzing Tsc1- or
Tsc2-null mouse embryonic fibroblasts, rat Tsc2-null ELT3
cells, and human cancer cells, we present evidence for the
involvement of epidermal growth factor receptor (EGFR) as a
downstream target of mTORC1 in tumor growth. We show
that mTORC1 leads to increased EGFR expression through up-
regulation of runt-related transcriptional factor 1 (RUNX1).
Knockdown of EGFR impairs proliferation and tumoral
growth of Tsc-deficient cells, while overexpression of EGFR
promotes the proliferation of the control cells. Moreover, the
mTOR signaling pathway has been shown to be positively
correlated with EGFR in human cancers. In addition, we
demonstrated that EGFR enhances cell growth through activa-
tion of signal transducer and activator of transcription 3
(STAT3). We conclude that activation of the RUNX1/EGFR/
STAT3 signaling pathway contributes to tumorigenesis caused
by hyperactivated mTORC1 and should be targeted for the
treatment of mTORC1-related tumors, particularly TSC.
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INTRODUCTION
The highly conserved serine/threonine protein kinase mammalian
target of rapamycin (mTOR) plays a critical role in a battery of
cellular processes, including cell growth, metabolism, autophagy,
and ferroptosis, by integrating multiple extracellular and intracellular
cues.1,2 mTOR organizes itself into two functional multiprotein com-
plexes, mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2).1 mTORC1 is composed of mTOR, Raptor, mLST8,
PRAS40, and Deptor, whereas mTORC2 consists of mTOR, Rictor,
and several other binding proteins.1 Rapamycin is an acute inhibitor
of mTORC1, whereas mTORC2 is relatively insensitive to rapamy-
cin.1 mTORC1 is frequently activated in human cancers, owing to
gain-of-function mutations of proto-oncogenes, such as phosphati-
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dylinositol 3-kinase (PI3K) and AKR mouse T cell lymphoma onco-
protein (AKT), or loss-of-function mutations of tumor suppressors,
such as phosphatase and tensin homolog deleted from chromosome
10 (PTEN) and tuberous sclerosis complex 1 or 2 (TSC1 or TSC2).3

TSC2 is a guanosine triphosphatase (GTPase)-activating (GAP) pro-
tein that binds to TSC1, forming a complex that negatively regulates a
small GTPase, Ras homolog enriched in brain (Rheb).4 AKT can
phosphorylate and inactivate TSC2, which destabilizes TSC2 and dis-
rupts its interaction with TSC1.5,6 Disruption of the TSC1-TSC2
complex results in the accumulation of GTP-bound Rheb, which in
turn stimulates mTORC1 kinase activity.7 Hyperactivated mTORC1
phosphorylates its downstream targets p70S6K and 4EBP1, leading
to accelerated protein synthesis, cell proliferation, and tumor
growth,1 but the underlying mechanisms remain unclear.

Epidermal growth factor receptor (EGFR), a member of the ErbB re-
ceptor tyrosine kinases family, plays a crucial role in growth, differen-
tiation, and motility of cells.8 Ligands such as EGF, binding to the
extracellular domain of EGFR, lead to receptor dimerization and acti-
vation, causing the activation of several signal transduction cascades,
mainly the AKT, MAPK, and JNK pathways.8 Overexpression of
EGFR has been described in a wide variety of tumors and is mostly
associated with poor prognosis.9 Currently, two classes of EGFR
inhibitors have been developed and used for the treatment of some
cancers, including small-molecule tyrosine kinase inhibitors such as
gefitinib and monoclonal antibodies such as cetuximab.9 However,
the transcriptional regulation and the function of EGFR in
mTORC1-related tumors remain largely unknown.
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Figure 1. Loss of TSC1 or TSC2 upregulates the

expression of EGFR

(A) A volcano plot shows the statistically upregulated (red)

and downregulated (green) genes between Tsc2�/� and

Tsc2+/+ MEFs. (B) Heatmap exhibits the common cell

membrane receptor genes between Tsc2�/� and Tsc2+/+

MEFs. (C) Tsc2+/+ and Tsc2�/� MEFs. (D) ELT3 cells were

transduced with the retroviruses for human TSC2 (hTSC2)

in pLXIN or its control vector pLXIN (V). (E) Tsc1+/+ and

Tsc1�/� MEFs. In (C) to (E), cell lysates were subjected to

immunoblotting with the indicated antibodies (left panels).

EGFR mRNA was analyzed by qRT-PCR (right panels). (F)

Analysis of the mRNA abundance of EGFR in tissues

from TSC patients by using mRNA microarray data from

the GEO database (GEO: GSE9715). N, normal skin; A,

facial angiofibromas; P, periungual fibromas. (n = 3). Error

bars indicate mean ± SD of triplicate samples. *p < 0.05,

***p < 0.001.
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In the present study, based on the analysis of Tsc1-null or Tsc2-null
mouse embryonic fibroblasts (MEFs), rat uterine leiomyoma-derived
Tsc2-null ELT3 cells, and human cancer cells, we demonstrate that
mTORC1 positively regulates the expression of EGFR through upregu-
lation of runt-related transcriptional factor 1 (RUNX1). Upregulated
EGFRpromotes the proliferation of cells with hyperactivatedmTORC1
through activation of signal transducer and activator of transcription 3
(STAT3). Our findings provide a novel molecular mechanism for the
tumorigenesis driven by dysregulated mTORC1 signaling, suggesting
that components of the RUNX1/EGFR/STAT3 pathwaymay be poten-
tial targets for the treatment ofTSCand somemTORC1-related tumors.

RESULTS
Loss of TSC1 or TSC2 upregulates the expression of EGFR

Receptor tyrosine kinases (RTKs) play an important role in tumor
growth.10 Platelet-derived growth factor receptor a (PDGFRa) and
PDGFRb have been found to be dysregulated as a result of loss of
function of the TSC1-TSC2 complex.11,12 To investigate whether
the expression of other RTKs was changed upon loss of TSC2,
RNA sequencing (RNA-seq) was performed to analyze differences
388 Molecular Therapy: Oncolytics Vol. 23 December 2021
in gene expression profiles between Tsc2+/+

and Tsc2�/� MEFs. When compared with
that of Tsc2+/+ MEFs, RNA-seq analysis re-
vealed a total of 3,300 differentially expressed
genes (1,672 upregulated genes and 1,628
downregulated genes) in Tsc2�/� MEFs (Fig-
ure 1A). Consistent with previous reports,11,12

PDGFRa and PDGFRb expression significantly
decreased in Tsc2�/� MEFs as compared with
the control cells (Figure 1B). Interestingly,
among the 13 differentially expressed RTK
genes between Tsc2�/� and Tsc2+/+ MEFs
(log2 fold change >1, p < 0.05), EGFR with
the most significant change in expression
(fold change = 14.9) was dramatically elevated
upon loss of TSC2 (Figure 1B). Western blot and quantitative real-
time PCR (qRT-PCR) analyses confirmed that EGFR expression
markedly increased in Tsc2�/� MEFs (Figure 1C). Furthermore,
ectopic expression of wild-type human TSC2 (hTSC2) abated the
expression of EGFR in rat uterine leiomyoma-derived Tsc2-null
ELT3 cells (Figure 1D). Because TSC1 stabilizes TSC2 as a binding
partner,6 we also evaluated the expression of EGFR in Tsc1�/�

MEFs and Tsc1+/+ MEFs. As expected, EGFR expression substan-
tially increased in Tsc1�/� MEFs compared with the control cells
(Figure 1E). In addition, a search using the Gene Expression
Omnibus (GEO) database (accession number GEO: GSE9715) re-
vealed that EGFR transcript levels increased in periungual fibroma
tissues (typical skin lesions in TSC patients) in comparison with
normal skin tissues (Figure 1F). Taken together, the results show
that loss of TSC1 or TSC2 upregulates the expression of EGFR.

Loss of TSC1 or TSC2 increases EGFR expression via activation

of mTORC1

The predominant and central event in TSC1 or TSC2 deficiency is
constitutive activation of mTORC1.4 Because loss of TSC1/TSC2



Figure 2. mTOR is a positive regulator of EGFR

(A–C) Tsc2�/�MEFs (A), Tsc1�/�MEFs (B), or ELT3 cells (C) were treated with DMSO or rapamycin for 24 h. (D and F) Tsc2�/� (D) or Tsc1�/� (F) MEFs were transduced with

shRaptor or shScramble (shSc) lentiviruses. (E and G) The shRNA that silences Rictor (shRictor) or a control shRNA (shSc) were stably expressed in Tsc2�/� MEFs (E) or

Tsc1�/�MEFs (G). (H) Pten+/+ and Pten�/�MEFs. (I) Pten+/+ MEFs transduced with the retroviruses for myristoylated AKT1 (myrAKT1) in pLXIN or its control vector pLXIN (V).

In (A), (B), and (D) to (G), cell lysates were subjected to immunoblotting with the indicated antibodies (left panels). qRT-PCR was performed to detect the mRNA level of EGFR

(right panels). In (C), (H), and (I), cell lysates were subjected to immunoblotting. Error bars indicate mean ± SD of triplicate samples. ***p < 0.001, ****p < 0.0001; n.s indicates

no significant difference.
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complex eventually leads to hyperactivation of mTORC1 (p-S6 is an
indicator of mTORC1 activity) and the concomitant upregulation of
EGFR, we hypothesized that mTORC1 participates in the regulation
of EGFR upon loss of TSC1 or TSC2. To test this hypothesis, we first
evaluated the effect of rapamycin, a specific mTORC1 inhibitor,
on EGFR expression in Tsc2�/� MEFs. As shown in Figure 2A,
Molecular Therapy: Oncolytics Vol. 23 December 2021 389
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Figure 3. mTORC1 promotes the expression of EGFR

by upregulating RUNX1

(A) Tsc2+/+ MEFs, Tsc2�/� MEFs, and rapamycin (20 nM,

24 h) treated Tsc2�/� MEFs. (B) Tsc1+/+ MEFs, Tsc1�/�

MEFs, and rapamycin (20 nM, 24 h) treated Tsc1�/�MEFs.

(C and D) Tsc2�/� MEFs (C) or Tsc1�/� MEFs (D) were

infected with lentiviruses harboring vectors encoding

Raptor shRNA (shRaptor) or the control shRNA (shSc).

(E and F) Tsc2�/� (E) or Tsc1�/� (F) MEFs were transfected

with control siRNAs (siNC) or siRNAs against RUNX1 for

48 h. (G) Tsc2�/� or Tsc1�/� MEFs were treated with or

without Ro5-3335 (50 or 100 mM) for 24 h. (H and I) Tsc2+/+

(H) or Tsc1+/+ (I) MEFs were transduced with the lentivi-

ruses for RUNX1 in GV367 or its control vector GV367 (LV).

In (A) to (I), cell lysates were subjected to western blot

analysis using the indicated antibodies. The intensities of

protein bands were quantified using ImageJ software and

normalized by the amounts of b-actin; relative amounts are

shown below each lane.
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inhibition of mTORC1 led to a marked reduction of EGFR expression
at both protein and mRNA levels. Similarly, EGFR levels dramatically
decreased in Tsc1�/� MEFs and ELT3 cells in response to rapamycin
treatment (Figures 2B and 2C).

mTOR exists in two multiprotein complexes, rapamycin-sensitive
mTORC1 and rapamycin-insensitive mTORC2.1 To further verify
that mTORC1 positively regulates EGFR, we examined the expres-
sion level of EGFR in Raptor (a specific component of mTORC1)
or Rictor (a specific component of mTORC2) knockdown Tsc2�/�

MEFs. As shown in Figures 2D and 2E, cells transfected with
Raptor short hairpin RNAs (shRNAs) exhibited decreased EGFR
levels, while Rictor shRNAs had little effect on the expression of
EGFR. Furthermore, depletion of Raptor or Rictor in Tsc1�/�

MEFs led to results similar to those in Tsc2�/� MEFs (Figures
2F and 2G).

In addition to genetic loss of TSC1 or TSC2, mTORC1 can also
be activated by the inactivation of the tumor suppressor PTEN or
the overexpression of a myristoylated AKT1 (myrAKT1).13 As ex-
pected, cells with either deletion of PTEN or ectopic expression of
myrAKT1 displayed a remarkable increase in expression of EGFR
(Figures 2H and 2I). Taken together, the results show that hyperac-
tivated mTORC1 signaling is responsible for the upregulation of
EGFR.
390 Molecular Therapy: Oncolytics Vol. 23 December 2021
mTORC1 upregulates EGFR through

upregulation of RUNX1

The RUNX family transcription factors,
including RUNX1, RUNX2, and RUNX3, plays
an essential role in diverse functions in mamma-
lian cells and modulates the transcription of
its target genes by recognizing the core consensus
DNA-binding sequences, namely, the classic
50-TGTGGT-30 motif.14,15 It has been suggested
that EGFR is a downstream target of RUNX2 in
melanoma cells.16 Interestingly, by analyzing our RNA-seq data, we
found that among the three RUNX genes, only RUNX1 showed a sub-
stantial increase in mRNA levels in Tsc2-null MEFs compared with
the control cells (Table S1). Furthermore, analysis using the GEPIA
dataset indicated that RUNX1 has a positive correlation with EGFR
in multiple cancers (Figure S1). Taken together, these findings
prompted us to investigate the potential role of RUNX1 in
mTORC1-mediated upregulation of EGFR.

Next, we evaluated the protein expression of RUNX1 in Tsc2�/�

MEFs and the control cells. As shown in Figure 3A, RUNX1 was
significantly upregulated in Tsc2-null MEFs and was normalized in
response to rapamycin treatment. Similarly, loss of TSC1 also led to
the upregulation of RUNX1, and its expression was markedly
decreased with mTORC1 inhibition (Figure 3B). We also investigated
whether the expression of RUNX1 is controlled by mTORC1 by using
lentiviral vectors expressing shRNAs targeting Raptor in Tsc2�/� or
Tsc1�/� MEFs. As shown in Figures 3C and 3D, knocking down
Raptor led to the downregulated expression of RUNX1 in both
Tsc2�/� and Tsc1�/� MEFs. It thus appears that hyperactivated
mTORC1 signaling is responsible for the upregulation of RUNX1.

Activation of mTORC1 led to both upregulation of RUNX1 and
EGFR expression, so we next investigated whether mTORC1 upregu-
lation of EGFR is mediated by RUNX1. As depicted in Figures 3E and



Figure 4. RUNX1 directly transactivates EGFR expression

(A and B) Tsc2�/�MEFs (A) or Tsc1�/�MEFs (B) were transfected with siRNAs targeting RUNX1 or the control siRNAs (siNC) for 48 h. (C and D) Tsc2�/�MEFs (C) or Tsc1�/�

MEFs (D) were treated with or without Ro5-3335 for 24 h. (E) Tsc2+/+ MEFs were transduced with Lv-RUNX1 or Lv lentiviruses. In (A) to (E), the mRNA level of EGFR of the

indicated cells was analyzed by qRT-PCR. (F) Schematic representation of the putative RUNX1-binding site in the promoter of mouse EGFR gene. (G and H) HEK 293T cells

(G) or Tsc2+/+ MEFs (H) were co-transfected with pEGFR-Luc or pEGFRmut-Luc plus pcDNA 3.1-RUNX1 or control pcDNA 3.1 and the internal control plasmid pRL-TK.

Relative luciferase activity was detected 24 h after transfection. (I) Tsc2+/+, Tsc2�/�, and rapamycin-treated Tsc2�/� MEFs were subjected to a ChIP analysis of RUNX1-

binding site in EGFR promoter region using an anti-RUNX1 antibody. Normal rabbit IgG antibody served as negative control. qRT-PCR was performed to amplify regions

surrounding the putative RUNX1-binding region (PBR) and a nonspecific RUNX1-binding region (NBR). The data were plotted as the ratio of immunoprecipitated DNA

subtracting nonspecific binding to IgG versus total input DNA (%). Representative data from three independent experiments are shown. Data indicate mean ± SD of triplicate

samples. ***p < 0.001, ****p < 0.0001.
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3F, knocking down RUNX1 in Tsc2�/� or Tsc1�/� MEFs markedly
reduced RUNX1 and EGFR expression. Pharmacologic inhibition
of RUNX1 by a small-molecule inhibitor, Ro5-3335, also led to the
downregulated expression of EGFR in both Tsc2-null and Tsc1-null
MEFs (Figure 3G). In addition, Tsc2+/+ or Tsc1+/+ MEFs were also
transfected with lentiviruses overexpressing RUNX1. Ectopic expres-
sion of RUNX1 significantly promoted the expression of EGFR
(Figures 3H and 3I). Collectively, the results show that mTORC1 pro-
motes the expression of EGFR via upregulation of RUNX1 in Tsc1- or
Tsc2-null MEFs.
EGFR expression is directly transactivated by RUNX1

To clarify the molecular mechanisms underlying the regulation of
EGFR by RUNX1, we extracted total RNAs from RUNX1 small inter-
fering RNA (siRNA)-transfected Tsc2�/� or Tsc1�/� MEFs and their
corresponding control cells. Thereafter, mRNA levels of EGFR were
assessed by qRT-PCR. As shown in Figures 4A and 4B, depletion of
RUNX1 by siRNAs led to a significant decrease in EGFRmRNA levels
in both Tsc2-null and Tsc1-null MEFs. Consistently, inhibition of
RUNX1 by Ro5-3335 resulted in significantly reduced EGFR
mRNA levels in these cells (Figures 4C and 4D). In contrast, ectopic
Molecular Therapy: Oncolytics Vol. 23 December 2021 391
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expression of RUNX1 markedly upregulated the expression of EGFR
mRNA in Tsc2+/+ MEFs (Figure 4E). These data together suggested
that RUNX1 upregulates EGFR at the mRNA level.

To gain further insights into how RUNX1 controls the expression of
EGFR mRNA, we analyzed the 50-flanking sequence of the EGFR
gene upstream of the transcription start site (TSS) using the Jaspar
transcription profile database (http://jaspar.genereg.net). A putative
RUNX1-binding sequence: R1 (�326/�316, CAACCACATGG) was
identified in a 1.5-kb region upstream of the TSS of the mouse EGFR
gene (Figure 4F). We then cloned the mouse EGFR gene promoter
(�758 to +157 bp) into a luciferase reporter vector and evaluated the
effect of RUNX1 on promoter activity. As shown in Figure 4G, the
luciferase reporter assay performed in 293T cells showed a significant
elevation of reporter signals upon additive expression of RUNX1.
Furthermore, mutation of R1 reduced transcriptional activity, indi-
cating that RUNX1 regulates EGFR transcription by binding to the
R1 region (Figure 4G). Similar results were observed when luciferase
reporter assays were performed in Tsc2+/+ MEFs (Figure 4H). Next,
by performing an anti-RUNX1 chromatin immunoprecipitation
(ChIP) assay, we found that the recruitment of the RUNX1 protein
to the R1 region was significantly enhanced in Tsc2�/� MEFs in com-
parison with Tsc2+/+ MEFs (Figure 4I). Moreover, the binding was
attenuated by the addition of rapamycin (Figure 4I). Together, these re-
sults indicate that RUNX1 directly interacts with the EGFR promoter
and positively regulates its transcription.

The mTORC1/RUNX1/EGFR signaling pathway exists in human

cancer cells

We next analyzed the correlation between EGFR expression and
mTOR signaling pathway activity in cancer patients by gene set
enrichment analysis using The Cancer Genome Atlas (TCGA)
RNA-seq datasets. The results demonstrated that the genes positively
regulated by mTOR signaling were enriched in EGFR-high expres-
sion groups in ovarian cancer, as well as in prostate adenocarcinoma
(Figures 5A and 5B).

To further evaluate whether this newly discovered mTORC1 regula-
tion of the RUNX1/EGFR pathway also occurs in human cancer cells,
we employed two human cancer cell lines, SKOV3 (an ovarian cancer
cell line) and DU145 (a prostate cancer cell line). As shown in Fig-
ure 5C, knockdown of the mTORC1-specific partner Raptor resulted
in the significant downregulation of RUNX1 as well as EGFR in
SKOV3 cells. Furthermore, depletion of Raptor led to a similar result
in DU145 cells (Figure 5D), and suppression of RUNX1 by genetic or
pharmacological strategies led to a significant decrease in EGFR
expression in both SKOV3 and DU145 cells (Figures 5E–5H).
Collectively, the mTORC1/RUNX1/EGFR signaling cascade was
also detected in human cancer cells.

Elevated EGFR expression promotes cell proliferation and

tumorigenicity of mTORC1-activated cells

To investigate the potential role of EGFR in cell growth, we infected
Tsc2-null MEFs with lentiviruses expressing shRNA targeting EGFR
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(shEGFR) or a scrambled sequence (shSc). Western blot analysis veri-
fied that shEGFR dramatically decreased EGFR expression when
compared with the shSc group (Figure 6A). As shown in Figure 6B,
EGFR knockdown in the Tsc2�/�/shEGFR group resulted in a
marked decrease in cell proliferation rate compared with the
Tsc2�/�/shSc group. In addition, Tsc1+/+ MEFs were transfected
with an EGFR-encoding lentivirus (Tsc1+/+/LvEGFR group) and con-
trol lentivirus (Tsc1+/+/Lv group) (Figure 6C). In contrast to depletion
of EGFR, EGFR overexpression led to an increased cell proliferation
rate in the Tsc1+/+/LvEGFR group compared with the Tsc1+/+/Lv
group (Figure 6D).

Next, we investigated the role of EGFR in cell growth in vivo. NTC/
T2-null, a cell line with high tumorigenicity derived from a subcu-
taneous tumor formed by the injection of Tsc2�/� MEFs in nude
mouse, was used.17 EGFR shRNA-expressing NTC/T2-null and con-
trol cells (Figure S2) were subcutaneously injected into the right ante-
rior armpit of nude mice and the tumor growth monitored thereafter.
As demonstrated in Figures 6E–6G, depletion of EGFR significantly
decreased the tumorigenic capacity of NTC/T2-null cells compared
with the control. Reduced EGFR expression in the tumor tissues
derived from mouse EGFR shRNA-expressing NTC/T2-null was
verified by western blot (Figure 7D). In contrast, overexpression of
EGFR dramatically enhanced the tumorigenic capacity of Tsc1+/+

MEFs (Figures 6H–6J). Taken together, these results indicate that
EGFR enhances cell proliferation and tumoral growth of mTORC1-
activated cells.

mTORC1-mediated EGFR upregulation leads to activation of

STAT3

Hyperactivated mTORC1 leads to the activation of STAT3; howev-
er, the underlying mechanism remains largely obscure.18 Because
STAT3 is a well-known downstream effector of EGFR,8 we specu-
lated that increased EGFR is, at least in part, responsible for the
augmented STAT3 activity due to hyperactivation of mTORC1.
To test this hypothesis, we starved Tsc2�/� MEFs with shEGFR
and control cells for 24 h and then treated them with EGF for up
to 15 min. As shown in Figure 7A, reduction of EGFR markedly
attenuated STAT3 activation induced by EGF. Similarly, inhibition
of EGFR by gefitinib treatment also significantly suppressed the acti-
vation of STAT3 in response to EGF in Tsc2�/� MEFs (Figure 7B).
Moreover, EGF stimulation enhanced the activation of STAT3
induced by EGFR overexpression in Tsc1+/+ MEFs (Figure 7C).
Furthermore, a decreased level of p-STAT3 was observed in tumor
tissues derived form shEGFR-expressing NTC/T2-null cells
compared with the control tissues (Figure 7D). In contrast, elevated
p-STAT3 expression in the tumor tissues derived from EGFR-over-
expressing Tsc1+/+ MEFs was observed by western blot (Figure 7E).
In addition, immunohistochemical analysis showed that staining of
p-STAT3 and proliferation marker Ki67 were more intense in tumor
tissues that were overexpressing EGFR compared with the control
(Figure 7F). Taken together, these findings reveal that EGFR is crit-
ical for STAT3 activation and that hyperactivated mTORC1 acti-
vates STAT3 partially through the upregulation of EGFR.
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Figure 5. The mTORC1/RUNX1/EGFR signaling pathway exists in human cancer cells

(A and B) Gene set enrichment analysis comparing the gene sets positively regulated by mTOR signaling in EGFR-high and EGFR-low ovarian cancer (A) and prostate

adenocarcinoma cancer (B). (C and D) SKOV3 or DU145 cells stably expressing shRNAs targeting Raptor (shRaptor) or a control shRNA (shSc). (E and F) SKOV3 or DU145

cells were transfected with siNC or siRNAs against RUNX1. (G and H) SKOV3 or DU145 cells were treated with or without Ro5-3335 (100 mM) for 24 h. In (C) to (H), cell lysates

were subjected to immunoblotting with the indicated antibodies. qRT-PCR was performed to detect the mRNA level of EGFR (right panels of C and D). Error bars indicate

mean ± SD of triplicate samples. ***p < 0.001.
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Depletion of STAT3 blocks cell proliferation and tumor growth

driven by EGFR overexpression

To further investigate whether the pro-proliferative effect of EGFR is
mediated by STAT3, we transduced a lentiviral vector expressing
shRNA for STAT3 to EGFR-overexpressing Tsc2+/+ MEFs, and sub-
sequent western blot analysis revealed that the shRNA for STAT3
dramatically suppressed the expression of STAT3 (Figure 8A). As
shown in Figure 8B, depletion of STAT3 attenuated the accelerated
cell proliferation driven by EGFR overexpression. A colony-forma-
tion assay was also employed to determine the long-term impact of
STAT3 on cell proliferation driven by EGFR. We observed more
colonies in the Tsc2+/+/LvEGFR group than in the Tsc2+/+/Lv group
after 2 weeks, whereas decreased colony formation was observed in
the shSTAT3-Tsc2+/+/LvEGFR group (Figure 8C). Furthermore, we
Molecular Therapy: Oncolytics Vol. 23 December 2021 393
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Figure 6. EGFR promotes oncogenic potential in vitro

and in vivo

(A and B) Tsc2�/� MEFs stably expressing shRNAs tar-

geting EGFR (shEGFR) or a control shRNA (shSc). (C and D)

Tsc1+/+ MEFs were infected with lentivirus harboring the

GV367 vector encoding EGFR (LvEGFR) or the empty

vector (Lv). (A and C) Cell lysates were subjected to

immunoblotting with the indicated antibodies. (B and D)

Proliferation of the indicated cells was examined using an

MTT assay. (E–J) The indicated cells were inoculated sub-

cutaneously into nude mice, followed by monitoring for

tumor growth. (E and H) nude mice and tumor pictures.

(F and I) Tumor volumes. (G and J) Tumor weight. Error bars

indicate mean ± SD of triplicate samples. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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injected shSTAT3-Tsc2+/+/LvEGFR, shSc-Tsc2+/+/LvEGFR, and
Tsc2+/+/Lv MEFs subcutaneously into nude mice. As shown in Fig-
ures 8D–8F, depletion of STAT3 compromised the enhanced tumor-
igenic capacity driven by EGFR overexpression in Tsc2+/+ MEFs.
Moreover, EGFR and p-STAT3 expression status in the correspond-
ing tumor tissues was verified by western blotting (Figure 8G). Taken
together, these findings revealed that EGFR enhances the proliferative
capacity of cells at least partially through the activation of STAT3.

DISCUSSION
Compelling evidence indicates that mTORC1 plays a crucial role in
the development of tumors. TSC, a benign tumor syndrome in mul-
tiple organs, is caused by hyperactivated mTORC1 signaling due to
loss-of-function mutations in the TSC1 or TSC2 gene.19 Currently,
the mTORC1 inhibitor rapamycin and its analogs are utilized for
the treatment of TSC-related tumors, including angiomyolipomas,
lymphangioleiomyomatosis, and subependymal giant cell astrocy-
tomas.20 However, the underlying mechanisms whereby hyperacti-
vated mTORC1 leads to aberrant TSC tumor growth remain unclear.
Immortalized Tsc1�/� and Tsc2�/� MEFs are well-established cell
models for studying TSC and mTOR signaling.21–23 Using these cell
models, we have previously reported that hyperactivated mTORC1
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fosters tumor growth bymanipulating the expres-
sion of multiple glycolytic enzymes, such as
PKM2, LDHB, and PFKFB3.13,17,24,25 RTKs
have been shown to be aberrantly expressed in
many tumors, including TSC.26 However, in
addition to PDGFRa and PDGFRb, information
on other RTKs that contribute to the develop-
ment of TSC tumors is limited. In the current
investigation, based on the study of Tsc1-null or
Tsc2-null MEFs and their corresponding control
cells, we identified EGFR as a novel downstream
molecule of mTORC1 that accelerates the
in vitro and in vivo cell growth of Tsc1- or
Tsc2-deficient cells. Moreover, we show that
mTORC1 positively regulates EGFR expression
in rat Tsc2-null cells and human cancer cells.
These results together suggest that mTORC1 upregulation of EGFR
is a common phenomenon across the species, and thus EGFR may
be potentially utilized as a therapeutic target in TSC as well as in other
mTORC1-related tumors. Previous studies support this hypothesis by
demonstrating that anti-EGFR antibody exposure efficiently inhibits
human Tsc2�/� smooth muscle cell proliferation27 and decreases the
number and dimension of lung nodules, and reverses pulmonary
alterations in a mouse model of lymphangioleiomyomatosis.28 Given
that EGFR inhibitors are widely used in the treatment of cancer, it is
worthwhile to explore the clinical anti-TSC tumor effects of EGFR in-
hibitors in the future.

EGFR plays a crucial role in the growth, differentiation, and motility
of normal as well as cancer cells.9 For predictive cancer diagnostics
and therapeutic targeting of EGFR, it is critical to explore how
EGFR expression is controlled. Recent studies have focused on the
transcriptional regulation of EGFR. For example, Mizuguchi et al. re-
ported that the transcription factor ecotropic viral integration site 1
(EVI1) induces the proliferation of glioblastoma cells through direct
upregulation of EGFR.29 Jin et al. demonstrated that the transcription
growth factor b inducible early gene 1 (TIEG1) significantly inhibits
breast cancer cell invasion and metastasis by inhibiting EGFR gene



Figure 7. mTORC1-mediated EGFR upregulation leads to the activation of STAT3

(A) Tsc2�/� MEFs were infected with lentivirus expressing shRNAs targeting EGFR (shEGFR) or a control shRNA (shSc). (B) Tsc2�/� MEFs were pretreated with or without

gefitinib (5 and 10 mM) for 24 h. (C) Tsc1+/+ MEFs were transduced with LvEGFR or Lv lentiviruses. In (A) to (C), cells were starved in DMEM for 24 h, followed by stimulation

with EGF (50 mg/mL, 15 min), after which cell lysates were harvested and subjected to western blot analysis. (D and E) Tumor tissues derived from Tsc2�/� shEGFRMEFs or

Tsc1+/+ LvEGFR MEFs and their corresponding control cells were subjected to immunoblotting. (F) Tumor tissues derived from Tsc1+/+/LvEGFR and the control cells were

fixed and embedded with paraffin and then subjected to H&E and immunohistochemical staining. Representative images are presented. Scale bar, 50 mm.
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transcription.30 In addition, other transcription factors, such as spec-
ificity protein 1 (Sp1), retinoic acid receptor g (RARg), AP-1 tran-
scription factor subunit (c-Jun), homeobox B5 (HOXB5), cytoplasmic
polyadenylation element binding protein 3 (CPEB3), and Y-box-
binding protein 1 (YB-1) have also been shown to be involved in
the regulation of EGFR transcription in different types of cells.31–35

Here, based on the study of Tsc1-null or Tsc2-null MEFs and human
cancer cell lines, we suggest that the transcription factor RUNX1, as a
downstream effector of mTORC1, upregulates EGFR at the transcrip-
tional level by directly binding to the promoter of the EGFR gene.
Subsequently, upregulated EGFR accelerates cell proliferation and
tumoral growth of Tsc1-null or Tsc2-null cells through activation
of STAT3. We not only identified a new transcription factor of
EGFR, but also revealed a signaling pathway, the RUNX1/EGFR/
STAT3 pathway, by which dysregulated mTORC1 drives carcinogen-
esis. Hence, besides EGFR inhibitors, RUNX1 and STAT3 inhibitors
or some DNA-binding compounds such as Py-Im polyamides, which
target the binding sequences of RUNX1 or STAT3,14,36 are also ex-
pected to have therapeutic value in treating mTORC1-related cancers.
In addition, our result confirmed previous studies that delineated
Molecular Therapy: Oncolytics Vol. 23 December 2021 395
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Figure 8. Depletion of STAT3 blocks EGFR overexpression-induced cell proliferation and tumor growth

(A–C) LvEGFR-expressing Tsc2+/+ MEFs were infected with lentivirus harboring shSTAT3 or shSc. (A) Cell lysates were harvested and subjected to western blot analysis with

the indicated antibodies. (B) The proliferation of the indicated cells was examined by an MTT assay. (C) The colonies formed by the indicated cells were stained and counted.

Representative images (upper panels) and quantifications (lower panels). (D–G) LvEGFR-expressing Tsc2+/+ MEFs transduced with shSTAT3 or shSc lentiviruses, and

Tsc2+/+ Lv MEFs were inoculated subcutaneously into nude mice, following by monitoring for tumor growth. At 27 days after inoculation, mice were sacrificed and pho-

tographed. (D) Nude mice and tumor pictures. (E) Tumor volumes. (F) Tumor weight. (G) Tumor tissues derived from the indicated cells were subjected to immunoblotting. (H)

Schematic illustration of the TSC1/TSC2/mTORC1 signaling pathway-promoted tumor growth through the RUNX1/EGFR/STAT3 network. Error bars indicate mean ± SD of

triplicate samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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RUNX1 as a downstream target of mTORC1.37,38 However, the un-
derlying mechanism of upregulation of RUNX1 bymTORC1 remains
unclear. A recent study reported that the RNA-binding protein HuR
can stabilize and promote the expression of RUNX1 by directly
binding to RUNX1 mRNA.39 Because mTORC1 can modulate the
association between HuR and its target mRNAs,40 it is possible that
mTORC1 increases RUNX1 expression by enhancing the interaction
396 Molecular Therapy: Oncolytics Vol. 23 December 2021
of HuR with RUNX1 mRNA. However, further studies on this inter-
action are warranted.

STAT3 mediates a plethora of biological functions, including roles in
cell proliferation, differentiation, apoptosis, and inflammation.41

Growing evidence suggests that STAT3 is constitutively activated in
a wide range of cancer types and plays a pivotal role in tumor expansion
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and metastasis.42 In response to cytokine or growth factor stimulation,
STAT3 is phosphorylated at the Tyr705 residue, which facilitates its
homodimerization and nuclear translocation.42 The nucleus-accumu-
lating STAT3 binds to specific DNA response elements and induces
gene expression.42 Additionally, STAT3 can be phosphorylated by
numerous kinases on Ser727, a site that promotes its transcriptional ac-
tivity.43 It is widely perceived that STAT3 functions as a known down-
stream effector molecule of mTORC1 signaling. For example, Zhou
and colleagues reported that the mTORC1/STAT3 pathway is required
for the viability and the maintenance of breast cancer stem-like cells.44

Yang et al. demonstrated that Gadd45a inhibits tumor angiogenesis by
blocking the mTORC1/STAT3 signaling pathway.45 Our previous
study revealed that hyperactivated mTORC1 inhibits cell differentia-
tion, upregulates glucose metabolism, and induces angiogenesis
through phosphorylation and activation of STAT3.17,21,46 Goncharova
and colleagues also showed that treatment of Tsc2-null tumors with ra-
pamycin attenuated STAT3 expression and phosphorylation, and
reduction of STAT3 protein levels or activity decreased proliferation
and induced apoptosis in Tsc2-null and lymphangioleiomyomatosis-
dissociated (LAMD) cells.47 However, the underlying mechanism by
which mTORC1 activates STAT3 is poorly characterized. In this study,
we found that inhibition of EGFR using either genetic or pharmaco-
logic strategies attenuates STAT3 Tyr705 phosphorylation and activa-
tion in Tsc1- or Tsc2-deficient cells, while overexpression of EGFR
facilitates the phosphorylation and activation of STAT3 (Figure 7).
Moreover, knockdown of STAT3 disrupts the accelerated cell prolifer-
ation driven by the ectopic expression of EGFR both in vitro and in vivo
(Figure 8). Thus, these findings provide the first evidence that
mTORC1 activates STAT3, at least in part, by transactivating EGFR
expression. Together with previous findings that mTORC1 upregulates
STAT3 protein levels by virtue of the suppression of miR-125b-5p and
that mTORC1 can phosphorylate STAT3 at Ser727,48,49 these findings
indicate that mTORC1 modulates STAT3 at multiple levels.

It must be pointed out that in addition to EGFR, our RNA-seq data
suggest that other RTKs such as vascular endothelial growth factor
receptor 2 (VEGFR2) and recepteur d’origine nantais (RON) were
upregulated in Tsc2�/�MEFs as compared with Tsc2+/+ MEFs.West-
ern blot analysis showed that loss of TSC2 led to upregulation of
RON, and its expression was decreased in response to rapamycin
treatment (Figure S3). However, the expression of VEGFR2 was un-
detectable, probably due to its low expression level in Tsc2�/� or
Tsc2+/+ MEFs (Figure S3). Given that STAT3 is a downstream target
of RON,50 it is possible that RON is also involved in mTORC1-medi-
ated tumorigenesis and STAT3 activation. We would like to further
explore this possibility in the future.

In conclusion, we demonstrate that aberrantly activated mTORC1
contributes to cell proliferation and tumor growth of cells by upregu-
lating the RUNX1/EGFR signaling pathway (Figure 8H). Further-
more, EGFR exhibits a pro-proliferative effect on mTORC1-activated
cells by activating STAT3 (Figure 8H). Our findings help in the eluci-
dation of the molecular mechanism by which dysregulated mTORC1
signaling drives tumorigenesis, indicating that the components in the
RUNX1/EGFR/STAT3 pathway may be targeted for the treatment of
TSC and other mTORC1-related tumors.

MATERIALS AND METHODS
Cell culture and treatment

All MEFs, including Tsc1+/+, Tsc1�/�, Tsc2+/+, Tsc2�/�, Pten+/+,
Pten�/�, pLXIN or pLXIN-hTSC2 retrovirus-infected Tsc2�/�

MEFs, pLXIN or pLXIN-myrAKT1 retrovirus-infected Pten+/+

MEFs, rat uterine leiomyoma-derived Tsc2-null ELT3 cells, and
NTC/T2-null cells have been described previously.17,21,51,52 SKOV3,
DU145, and HEK 293T cells were obtained from the ATCC (Mana-
ssas, VA, USA). ELT3 cells were maintained and propagated in
DMEM/F12 (1:1) with 10% fetal bovine serum (FBS). SKOV3 and
DU145 cells were maintained in 1640 medium supplemented with
10% FBS. The other cells were cultured in DMEM with 10% FBS.
All cells were cultured at 37�C in a humidified incubator containing
5% CO2. For drug treatment, cells were plated in 12-well plates at a
density of 2 � 105 cells/well and cultured overnight. On day 2, the
DMSO (Sigma-Aldrich, St. Louis, MO, USA) stocks of drugs were
diluted to appropriate concentrations with the cell culture medium,
and the cells treated for 24 h. Rapamycin and gefitinib were purchased
from Selleck Chemicals (Houston, TX, USA). Ro5-3335 was obtained
from TargetMol (Shanghai, China). For epidermal growth factor
(EGF) stimulation, cells were treated with a bath application of
EGF (Novus Biologicals, Littleton, CO, USA) for 15 min after serum
starvation for 24 h. Cells were washed with 1� phosphate-buffered
saline and harvested for qRT-PCR or western blot analyses as
described below.

qRT-PCR

Total RNA was extracted from the cells using TRIzol reagent accord-
ing the manufacturer’s instructions. The concentration of isolated
RNA was measured with NanoDrop (Thermo Fisher Scientific,
Waltham, MA, USA). RNA (1 mg) was converted to first-strand
cDNA using a RevertAid First Strand cDNA Synthesis Kit (Fermetas,
Waltham, MA, USA). The cDNA was diluted 10� and used as the
template for the reaction of qRT-PCR using SYBR Premix Ex Taq
II (TaKaRa, Shiga, Japan) on the Bio-Rad CFX96 system (Bio-Rad,
Hercules, CA, USA). The results were analyzed by comparing the
Ct value based on the expression of housekeeping gene b-actin. The
primer sequences are as follows: EGFR (mouse) forward: 50-CAG
CAT GTG GCA CCA TCT CA-30 and reverse: 50-AAA GCA GAA
ACT CAC ATC GA-30; EGFR (human) forward: 50-AGG CAC
GAG TAA CAA GCT CAC-30 and reverse: 50-ATG AGG ACA
TAA CCA GCC ACC-30; b-actin (mouse) forward: 50-AGA GGG
AAA TCG TGC GTG AC-30 and reverse: 50-CAA TAG TGA TGA
CCT GGC CGT-30; b-actin (human) forward: 50-CCC TGG AGA
AGA GCT ACG AG-30 and reverse: 50-GGA AGG AAG GCT
GGA AGA GT-30.

Western blot

Membrane proteins were isolated using the Membrane and Cytosol
ProteinExtractionKit (BeyotimeBiotechnology,Haimen,China).Total
cellular, membrane, or tissue proteins were extracted by RIPA buffer
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(Beyotime Biotechnology) and then separated byNuPAGE 10%or 4%–
12%Bis-Tris gels (Life Technologies, Carlsbad, CA,USA), following the
transfer to PVDF membrane (Millipore, Billerica, MA, USA). The
membranes were blocked with 5% nonfat milk in 1� Tris-buffered sa-
linewith 0.1%Tween 20 (TBST) for 1 h at room temperature, and incu-
bated thereafter with the specific primary antibody overnight at 4�C.
Antibodies specific to TSC1 (#6935), TSC2 (#4308), p-EGFR
(Tyr1068) (#3777), EGFR (#4267), Raptor (#2280), Rictor (#2114),
PTEN (#9559), p-AKT (Ser473) (#4051), AKT1 (#2967), p-STAT3
(Tyr705) (#9145), STAT3 (#9139), p-S6 (Ser235/236) (#4857), Na,K-
ATPase (#3010), Ki67 (#12202), GAPDH (#2218), and b-actin
(#4970) were obtained from Cell Signaling Technology (Danvers,
MA, USA). RUNX1 (ab35962) and VEGFR2 (ab221679) antibodies
were obtained from Abcam (London, UK). RON (11053) antibodies
were obtained from Proteintech (Wuhan, China). After washing with
TBST, themembraneswere incubatedwithHRP-labeled secondary an-
tibodies (Cell Signaling Technology). The bands were visualized using
Pierce ECL Western Blotting Substrate (Advansta, Menlo Park, CA,
USA) according to the manufacturer’s instructions.

RNA interference

All the siRNA oligonucleotides were synthesized by GenePharma
(Shanghai, China). siRNA transfection was carried out in cells
cultured in a 12-well plate at 50%–70% confluence. Cells were trans-
fected with siRNAs by Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. The target se-
quences are listed as follows: Negative control (NC), 50-UUC UCC
GAA GGU GUC ACG U-30; RUNX1�1 (mouse), 50-CGC CCU
CCU ACC AUC UAU A-30; RUNX1�2 (mouse), 50-GCA GAA
CUG AGA AAU GCU A-30; RUNX1 (human), 50-GGC AGA AAC
UAG AUG AUC A-30.

Lentiviral transduction

GV358 lentiviral plasmid expressing mouse EGFR, RUNX1, and the
empty vector were purchased from GeneChem (Shanghai, China).
The GV248 lentiviral shRNA expression vector targeting Raptor, Ric-
tor, EGFR, STAT3, and the control scrambled shRNA (shSc) were ob-
tained from GenePharma. The target sequences were as follows:
shRaptor (mouse), 50-GGA CAA CGG TCA CAA GTA C-30; shRap-
tor (human), 50-GGA CAA CGG CCA CAA GUA C-30; shRictor
(mouse), 50-GCC CTA CAG CCT TCA TTT A-30; shEGFR,
50-GTG CTA CGC AAA CAC AAT A-30; shSTAT3, 50-CTG GAT
AAC TTC ATT AGC A-30; shSc, 50-TTC TCC GAA CGT GTC
ACG T-30. Lentiviruses were generated by co-transfecting with either
of the recombinant vectors or the control vectors together with pack-
aging vectors (pVSVG and psPAX2) into HEK 293T cells. At 48–72 h
after infection the culture supernatants were collected and filtered,
then used to infect target cells with a multiplicity of infection of
20–50. Stable clone cells were selected using 5 mg/mL puromycin
(Sigma-Aldrich) for 7 days and verified by western blot.

Reporter constructs and luciferase reporter assay

A 913-bp fragment of the mouse EGFR promoter (�758/+157) was
amplified by PCR using genomic DNA extracted from Tsc2�/�
398 Molecular Therapy: Oncolytics Vol. 23 December 2021
MEFs. The fragments were cloned into luciferase reporter gene vector
pGL3-Basic (Promega, Madison, WI, USA) plasmid at the KpnI/BglII
site to generate a recombinant plasmid pEGFR-Luc. The primer se-
quences used for PCR were as follows: forward, 50-GGG GTA CCG
GTG ATG ATC TTG AGG AG-30; reverse, 50-CCG AGA TCT
ACT CCA CGG TGT AACAGC-30. To generate a mutated promoter
construct pEGFRmut-Luc, we mutated the potential RUNX1-binding
site on the promoter of the mouse EGFR gene using the Q5 site-
directed mutagenesis kit (NEB, Ipswich, MA, USA). The primer se-
quences were as follows: forward, 50-CAG CAA GTC TAT GGT
GGC TCA CAA C-3’; reverse, 50-GGA TTT GAA CTC CGG ACC
TTC GGA AG-30. Cells were seeded into 24-well culture plates on
the day before transfection. For luciferase reporter assays, cells were
transfected with 500 ng of pEGFR-Luc or pEGFRmut-Luc together
with 20 ng of internal control plasmid pRL-TK and 500 ng of
RUNX1-encoding plasmids (#14585, Addgene, Watertown, MA,
USA) or the empty vector pcDNA3.1 (Invitrogen). The luciferase ac-
tivity was detected using the Dual-Luciferase Reporter Assay System
(Promega), according to the manufacturer’s instructions, with
EnSpire (PerkinElmer, Waltham, MA, USA), and the raw data are
provided in Table S2.

Chromatin immunoprecipitation

The ChIP assay was performed using a SimpleChIP Plus Enzymatic
Chromatin IP kit (Cell Signaling Technology) with anti-RUNX1 anti-
body (ab23980, Abcam) according to the manufacturer’s instructions.
The released DNA was purified and analyzed by qRT-PCR. The
primer sequences for PCR were as follows: the putative RUNX1-bind-
ing region (PBR), forward 50-CAC CCG ACT GCT CTT CCG AAG
GT-30, reverse 50-CTG TAG CCG TCT TCA GAC ACT CCA G-30; a
nonspecific RUNX1-binding region (NBR), forward 50-CTG GCA
TAG ATT GGC TGG ACT TCC-30, reverse 50-GGC CAC CAC
TAG ACA AGG CTC TG-30.

Cell proliferation assay

Cells were cultured in 96-well plates in triplicate at a density of 1,500
cells/well and incubated for 24, 48, 72, or 96 h. Cell proliferation was
measured using the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide (MTT; Beyotime, Haimen, China) assay as previ-
ously described.13

Cloning formation assay

Cells were seeded into 10-cm-diameter cell culture dishes at a density
of 500 cells per dish. After incubation for about 10 days, the cells were
fixed with methanol for 15 min and stained with 0.1% crystal violet
(1 mg/mL, Sigma) for 20 min. The number of colonies with over
50 cells was counted.

Induction of subcutaneous tumor formation in nude mice

All experimental immunodeficient 5-week-old male BALB/c nude
mice (weight 16–18 g) were purchased from Vital River Laboratories
Animal Technology (Beijing, China). Six nude mice were randomly
used in each cohort. Cells were mixed with 0.2 mL of DMEM and in-
jected subcutaneously into the right anterior armpit of mice, after
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which mouse growth and tumor formation were monitored every
3 days. To evaluate the role of EGFR in the in vivo growth of Tsc-defi-
cient cells, mice were sacrificed and imaged on day 29 following inoc-
ulation of 4 � 106 NTC/T2-null expressing shEGFR or shSc and on
day 27 following inoculation of 6 � 106 Tsc1+/+/Lv or Tsc1+/+/
LvEGFR. To evaluate the function of STAT3 in the in vivo growth
of EGFR-overexpressing cells, 6 � 106 shSTAT3-Tsc2+/+/LvEGFR,
shSc-Tsc2+/+/LvEGFR, and Tsc2+/+/Lv MEFs were subcutaneously
inoculated into each group of mice, and after 27 days all the mice
were anesthetized and sacrificed. Tumor dimensions were measured
with a digital caliper, and tumor volume was calculated using the
equation V = 1/2(width2 � length). The tumor tissues were homog-
enized in RIPA buffer or fixed with 10% formalin for further studies
after weighing. All animals were maintained and used in strict accor-
dance with the guidelines of the Animal Center of Anhui Medical
University.

Immunohistochemical analysis

Tumor tissues fixed with 4% paraformaldehyde were embedded in
paraffin. The samples were sliced into 4-mm-thick sections. For histo-
logical examination, sections were deparaffinized and subjected to
hematoxylin and eosin (H&E) staining. For immunohistochemical
analysis, after deparaffinization the following primary antibodies
were used for immunohistochemical staining: EGFR, Ki67, and
p-STAT3 (Tyr705) (Cell Signaling Technology). The sections were
then incubated with HRP-conjugated secondary antibody for
30 min and treated with a DAB Substrate Kit (Sigma-Aldrich).

RNA sequencing

Tsc2�/� and Tsc2+/+ MEFs were harvested for RNA extraction with
TRIzol reagent (Invitrogen). Gene expression profiles were deter-
mined by next-generation sequencing with an Illumina Nova-Seq
(KangCheng Bio-Tech, Shanghai, China). Genes with changes in
expression of 2.0-fold or more (p < 0.05) were considered to be
differentially expressed. The list of differentially expressed genes is
provided in Table S3.

Bioinformatics analysis

RNA-seq data from patients with ovarian cancer (n = 374) and pros-
tate cancer (n = 498) were obtained from TCGA (http://
cancergenome.nih.gov/). Gene set enrichment analysis was per-
formed to examine the enrichment of mTOR positively regulated
gene sets in EGFR-high and EGFR-low ovarian cancer and prostate
cancer tissues according to previously described methods.53 The
expression association between EGFR and RUNX1 in tumor tissues
was investigated using GEPIA (http://gepia.cancer-pku.cn/index.
html).54

Statistical analysis

All data followed a normal distribution, and variance was similar
among the groups that were statistically compared. Two-tailed Stu-
dent’s t test was used to compare the difference between two groups.
One-way ANOVA was used to compare the differences in the exper-
iments with more than two groups. The results are presented as the
mean ± SD from at least triplicate samples. All statistical analyses
were performed using GraphPad Prism 6.0 software. Differences
were considered significant when p < 0.05.
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