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ABSTRACT

Pancreatic neuroendocrine tumor (pNET) is an uncommon type of pancreatic
neoplasm. Low Phosphatase and Tensin Homologue (PTEN) expression and activation
of the mechanistic target of rapamycin (mTOR) pathway have been noted in pNETs,
and the former is associated with poor survival in pNET patients. Based on the results
of the RADIANT-3 study, everolimus, an oral mTOR inhibitor, has been approved
to treat advanced pNETs. However, the exact regulatory mechanism for the mTOR
pathway in pNETs remains largely unknown. PTEN and liver kinase B1 (LKB1) are well-
known for their regulatory role in the mTOR pathway. We evaluated the expression
of PTEN and LKB1 in 21 pNET patients, and low PTEN and LKB1 expression levels
were noted in 48% and 24% of the patients, respectively. Loss of PTEN and LKB1
synergistically promoted cell proliferation of pNET, attenuated the sensitivity of cells
to mTOR inhibitors and enhanced c-Myc expression, which back-regulated PTEN, AKT,
mTOR and its downstream effectors. For pNET cells with low expression levels of PTEN
and LKB1, silencing the expression of c-Myc by shRNA reduced their proliferative
rate, while adding either c-Myc inhibitor or AMP-activated protein kinase activator
reversed their resistance to mTOR inhibitors in vitro and in vivo. Furthermore, high
c-Myc expression was subsequently identified in 81% of pNETSs, suggesting that up-
regulation of c-Myc expression in pNETs may occur through PTEN/LKB1-dependent
and PTEN/LKB1-independent regulation. The results delineated the regulation of PTEN
and LKB1 on the AKT/mTOR/c-Myc axis and suggested that both c-Myc and mTOR
are potential therapeutic targets for pNET.
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INTRODUCTION

Pancreatic neuroendocrine tumor (pNET) is a
pancreatic neoplasm that expresses neuroendocrine
markers. There has been a worldwide increase in the
incidence of NETs [1-3]. Activation of the mechanistic
target of rapamycin (mTOR) pathway in pNET has
been observed by several researchers either using gene
expression array or immunohistochemistry in recent years
[4-6]. Missiaglia et al. showed that mTOR inhibitors
successfully inhibit the proliferation of pNET cell lines
[4]. Everolimus (RADO001), a mTOR inhibitor, prolongs
the median progression-free survival for advanced pNET
to 11 months versus 4.6 months in patients taking placebo
as indicated by a phase III study [7]. Thus, everolimus is
currently used to treat metastatic pNET.

Phosphatase and tensin homologue (PTEN)
was identified to be frequently disrupted in multiple
sporadic tumor types in 1997 [8, 9]. The generation of
PTEN knockout mice demonstrated the essential tumor
suppressive role of PTEN in multiple tissue types.
PTEN dephosphorylates phosphatidylinositol-3,4,5-
triphosphate (PtdIns(3,4,5)P.), which potently activates
3-phosphoinositide-dependent kinase (PDK) and AKT
with subsequent activation of mTOR and its downstream
targets p70 ribosomal protein S6 kinase (S6K) and
eukaryotic translation-initiation factor 4E (elF4E)-binding
protein 1 (4EBP1). Therefore, PTEN is a potent inhibitor
of the PI3K-AKT-mTOR pathway, which stimulates
cell growth and survival [10]. Low expression of PTEN
is correlated with a shorter disease-free survival and
overall survival of pNET [4, 11]. In preclinical studies,
PTEN deficiency or loss of PTEN is associated with
responsiveness to mTOR inhibitors in endometrial cancer,
Ewing sarcoma, and breast cancer [12—14]. The regulation
of the mTOR pathway by PTEN and the sensitivity of
pNET to mTOR inhibitors remain unclear.

Liver kinase Bl (LKB1) is a tumor suppressor.
Defective LKBI1 is responsible for the inherited cancer
disorder, Peutz-Jeghers syndrome, and is found in various
sporadic cancers, such as lung and cervical cancers. LKB1 is
the key upstream activator of AMP-activated protein kinase
(AMPK), which is the central metabolic switch in eukaryotes
to govern glucose and lipid metabolism in response to
changes in nutrients and intracellular energy. The mTOR
pathway is one of the major growth regulatory pathways
controlled by LKB1-AMPK [15]. Therefore, suppression
of the mTOR pathway by an AMPK activator has been
evaluated for therapeutics in cancers. Reduced expression of
LKBI is common in high grade neuroendocrine carcinoma
of lung and less common in pulmonary carcinoids [16].
However, the expression of LKB1 and its role in the
regulation of mTOR in pNET remain unknown.

Although mTOR activation in pNET is well
known, regulation of the mTOR pathway in pNET is not

well understood. In this study, we evaluated PTEN and
LKBI expression in pNETs by immunohistochemistry,
and we investigated the effect of PTEN and LKB1 on
the regulation of the mTOR pathway in pNET cell lines
via gene overexpression or knockdown. In addition, we
evaluated the effect of PTEN and LKB1 on the sensitivity
of pNET cells to mTOR inhibitors.

RESULTS

PTEN and LKB1 expression in pNET patients

We evaluated PTEN and LKB1 expression in tumor
samples from pNET patients by immunohistochemistry.
The expression status of the proteins was scored from 0
to 3+ according to the strength of the staining as follows:
0 and 1+ were classified as low expression; and 2+ and
3+ were classified as high expression. PTEN and LKB1
staining was present in the cytoplasm of pNET tumors.
The expression of PTEN and LKBI in two cases is
shown in Figure 1. The demographics and expression
status of PTEN and LKB1 of the patients are listed in
Supplementary Table 1. Among the 21 pNET patients,
10 had low PTEN expression, and 5 had low LKBI
expression. Three patients had low expression of both
PTEN and LKBI1. There was no association of PTEN and
LKB lexpression with the sex, age, grade, stage or survival
of the patients (Supplementary Table 2).

PTEN affects cell proliferation and regulates the
AKT/mTOR pathway of pNET cells

To evaluate the effect of PTEN on pNET, we
infected the human pNET cell line, QGP-1, with a
lentiviral vector containing a PTEN shRNA (QGP-1/
shPTEN). Cells infected with a lentiviral vector containing
a luciferase shRNA (QGP-1/shLuc) were used as a
control. The cell proliferative rate was slightly higher in
QGP-1/shPTEN cells than in QGP-1/shLuc cells as shown
in Figure 2A. The phosphorylation of AKT, mTOR and
4EBP1 in QGP-1/shPTEN cells was enhanced as shown
in Figure 2A. In contrast, when PTEN was overexpressed
in QGP-1 cells using a lentiviral pPCMV Flag WT-PTEN
vector, the cell proliferative rate was significantly reduced
as compared to QGP-1 cells infected with a vector control
as shown in Figure 2B. The phosphorylation of AKT, S6K
and 4EBP1 was reduced markedly by overexpressing
PTEN in QGP-1 cells as shown in Figure 2B. When AKT
was knocked down in QGP-1/shPTEN cells, the enhanced
phosphorylation of 4EBP1 in QGP-1/shPTEN cells was
suppressed, and the increased proliferative rate of QGP-
1/shPTEN cells was decreased to a level similar to that
of QGP-1/shLuc cells as shown in Figure 2A. The results
demonstrated the involvement of the PTEN/AKT/mTOR
axis in the proliferation of pNET cells.
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Patient #13 Patient #17
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Figure 1: The hematoxylin and eosin (H&E) and immunohistochemical staining patterns for LKB1, PTEN, and c-Myc
in the PNET tumor cells are shown (200%). Patient #13 had strong expression for PTEN and LKB1 in tumor cells but low expression
for c-Myc in tumor cells. Patient #17 had weak expression for PTEN and LKB1 but strong expression for c-Myc in tumor cells.
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Figure 2: PTEN affects cell proliferation and regulates the AKT/mTOR pathway of pNET cells. (A) The cell proliferative
curves of QGP-1 cells with (QGP-1/shPTEN) or without (QGP-1/shLuc) knockdown of PTEN and knockdown of PTEN and AKT (QGP-
1/shPTEN/AKT) as well as the protein expression of PTEN, c-Myc and total and phosphorylated forms of AKT, mTOR, S6K and 4EBP1
in QGP-1/shLuc, QGP-1/shPTEN and QGP-1/shPTEN/AKT cells. *, QGP-1/shPTEN vs. QGP-1/shPTEN/AKT, P < 0.01. The ratio of
protein expression of phosphorylated AKT, mTOR, S6K and 4EBP1 of QGP-1/shPTEN and QGP-1/shPTEN/AKT relative to QGP-1/
shLuc is shown below the western blot of each protein. The protein expression was adjusted to its internal control GAPDH. (B) The cell
proliferative curves of QGP-1 cells with (QGP-1/PTEN) or without (QGP-1/VC) PTEN as well as the protein expression of PTEN, total
and phosphorylated forms of AKT, mTOR, S6K and 4EBP1 in both cells. *, QGP-1/VC vs. QGP-1/PTEN, P < 0.01. The ratio of protein
expression of phosphorylated AKT, mTOR, S6K and 4EBP1 of QGP-1/PTEN relative to QGP-1/VC is shown below the western blot of
each protein. The protein expression was adjusted to its internal control GAPDH.
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PTEN and LKBI1 loss synergistically enhances
the activation of AKT/mTOR pathway, promotes
the proliferation of pNET cell lines and confers
the attenuated sensitivity of pNET cells to
mTOR inhibitors

To evaluate the effect of LKB1 on cell proliferation
and regulation of the mTOR pathway in pNET cells, we
infected QGP-1 cells with a lentiviral vector containing
LKB1 shRNA (QGP-1/shLKB1). Cell proliferation was
not significantly different from that of QGP-1/shLuc
cells as shown in Figure 3A, but the phosphorylation of
AKT, mTOR, and 4EBP1 was enhanced by knockdown
of LKB1 as shown in Figure 3C. When both PTEN and
LKBI1 in QGP-1 cells were knocked down (QGP-1/
shPTEN/LKB1), the phosphorylation of AKT, mTOR and
4EBP1 was further enhanced as shown in Figure 3C, and
cell proliferation was also significantly increased as shown
in Figure 3A. The effects of LKB1 and PTEN on cell
proliferation and the mTOR pathway were also verified
in the murine pNET cell line, NIT-1, as shown in Figure
3B and 3C. Because enhanced activation of mTOR and
its downstream effectors was noted in QGP-1/shPTEN/
LKBI1 cells, we further evaluated if the sensitivity of
QGP-1 cells to mTOR inhibitors was affected by PTEN
and/or LKB1 loss. Figure 4A shows the proliferative rate
of QGP-1/shLuc, QGP-1/shPTEN, QGP-1/shLKB1 and
QGP-1/shPTEN/LKBI cells treated with or without 10nM
of RADOO1 for 5 days. QGP-1/shPTEN/LKBI cells had
the highest proliferative rate compared to the other three
cells (Figure 4A, left). The proliferative curves of QGP-
1/shLuc and QGP-1/PTEN/LKBI1 cells treated with or
without RADO01 are displayed in the right side of Figure
4A. The proliferative rate of QGP-1/shPTEN/LKBI cells
treated with RADOO1 was higher than that of QGP-1/
shLuc cells treated with RADOO1 for 5 days. Because the
cells proliferated with RADOO1 treatment, these results
suggested that PTEN and LKBI1 loss synergistically
promotes proliferation of pNET cells and attenuates
the sensitivity of pNET cells to mTOR inhibitors via a
cytostatic effect.

c-Myc is the downstream target of mTOR and
confers the enhanced proliferation of pNET cells
and attenuates the sensitivity of pNET cells to a
mTOR inhibitor via feedback regulation of the
PTEN/AKT/mTOR axis

Because the sensitivity of pNET cells to mTOR
inhibitors was decreased by PTEN and LKBI1 loss,
we evaluated the status of mTOR and its downstream
signals in QGP-1/shPTEN/LKB1 and QGP-1/shLuc cells
treated with or without RAD0OO1 by western blot analysis.
RADOO1 suppressed the phosphorylation of mTOR,
S6K, and 4EBP1 in QGP-1/shPTEN/LKB1 and QGP-1/
shLuc cells as shown in Figure 4B. However, the effective

dephosphorylation of mTOR, S6K and 4EBP1 in QGP-
1/shPTEN/LKB1 cells did not explain the attenuated
sensitivity of QGP-1/shPTEN/LKBI1 cells to RADOOI.
Because c-Myc is a downstream target of mTOR in many
cancers, we evaluated c-Myc expression in the cells and
found that c-Myc expression was increased in QGP-
1/shPTEN and QGP-1/shLKB1 cells and was further
enhanced in QGP-1/shPTEN/LKBI1 cells as compared
to QGP-1/shLuc cells as shown in Figure 3C. This up-
regulation of c-Myc occurred at a transcriptional level
because QRT-PCR showed increased c-Myc mRNA
levels in QGP-1/shPTEN, QGP-1/shLKB1 and QGP-1/
shPTEN/LKBI cells compared to QGP-1/shLuc cells as
shown in Supplementary Figure 1.The up-regulation of
c-Myc by PTEN and/or LKBI1 loss was also observed in
NIT-1 cells as shown in Figure 3C. Figure 4B shows that
the reduction in c-Myc levels in QGP-1/shPTEN/LKB1
cells was less extensive compared to that in QGP-1/shLuc
cells treated with RADOO1. These results suggested
that up-regulated c-Myc may have been responsible
for the attenuated sensitivity of QGP-1/shPTEN/LKBI
cells to RADOO1 as well as the rapid cell proliferation.
To verify this hypothesis, we overexpressed c-Myc by
introducing pLM-mCerulean-cMyc into QGP-1 cells
(QGP-1/c-Myc), and we evaluated cell proliferation and
the AKT/mTOR pathway. Figure 4C shows that QGP-1/c-
Myc cells had a higher proliferative rate and markedly
enhanced phosphorylation of AKT and 4EBP1 compared
to QGP-1 cells infected with vector control (QGP-1/VC).
Intriguingly, PTEN expression was reduced in QGP-
1/c-Myc cells compared to that in QGP-1/VC cells. In
contrast, the increased proliferative rate as well as the
enhanced phosphorylation of AKT, mTOR, and 4EBP1
in QGP-1/shPTEN/LKB1 cells were suppressed by
knockdown of c-Myc (QGP-1/shPTEN/LKB1/c-Myc) as
shown in Figure 4D. When QGP-1/c-Myc and QGP-1/VC
cells were treated with 10 nM RADOO1 for 72 hours, the
survival of QGP-1/c-Myc cells was better than QGP-1/
VC cells as shown in Figure 4E. In contrast, when QGP-1/
shPTEN/LKB1/c-Myc cells were treated with RADOO1,
the sensitivity of QGP-1/shPTEN/LKB1/c-Myc cells to
RADO0O1 was similar to the sensitivity of QGP-1/shLuc
to RADOO1 cells as shown in Figure 4F. The increased
resistance to RADOO1 resulting from knockdown of
PTEN and LKBI1 was reversed by knockdown of c-Myc
in QGP-1/shPTEN/LKBI1 cells. These results indicated
that c-Myc is associated with the proliferation of pNET
cells and is responsible for the resistance of pNET cells to
mTOR inhibitors. However, the enhanced expression of
c-Myec resulting from PTEN/LKBI1 loss in pNET cells was
associated with mTOR-dependent and mTOR-independent
regulation. Figure 2A shows that the increased c-Myc
expression in QGP-1/shPTEN cells was reduced by
knockdown of AKT. In addition, RADOO1 inhibited the
activity of mTOR as demonstrated by dephosphorylation
of S6K and 4EBP1 and reduced c-Myc levels in QGP-1
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cells as shown in 4B. These results indicated that c-Myc is
downstream of AKT/mTOR in pNET cells. However, the
less effective suppression of c-Myc in QGP-1/shPTEN/
LKBI cells compared to that in QGP-1/shLuc cells by
RADOO1 suggested that the regulation of c-Myc occurs
through another mTOR-independent pathway. Moreover,
the decreased expression of PTEN and the increased
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Figure 3: PTEN and LKBI1 synergistically enhance the activation of the AKT/mTOR pathway and promote the
proliferation of pNET cell lines. (A) The cell proliferative rates of QGP-1 cells without (QGP-1/shLuc) or with knockdown of PTEN
(QGP-1/shPTEN), LKB1 (QGP-1/shLKB1) and both PTEN and LKB1 (QGP-1/shPTEN/LKBI). *, QGP-1/shLuc vs. QGP-1/shPTEN/
LKBI1, P < 0.01 (B) The cell proliferative rates of NIT-1 cells without (NIT-1/shLuc) or with knockdown of PTEN (NIT-1/shPTEN),
LKBI (QGP-1/shLKB1) and both PTEN and LKB1 (QGP-1/shPTEN/LKBI1). *, NIT-1/shLuc vs. NIT-1/shPTEN/LKBI1, P =0.01 (C) The
phosphorylated protein expression of AKT, mTOR, S6K and 4EBP1 as well as the protein expression of c-Myc, PTEN and LKB1 in QGP-
1 and NIT-1 cells without or with knockdown of PTEN, LKB1 and both PTEN and LKB1 by western blot. Actin was used as the internal

control.
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Figure 4: PTEN and LKBI1 loss confers the attenuated sensitivity of pNET cells to mTOR inhibitor via regulation of
AKT/mTOR/c-Myec axis. (A) The proliferative curves of 4 kinds of QGP-1 cells, QGP-1/shLuc, QGP-1/shPTEN, QGP-1/shLKBI,
QGP-1/shPTEN/LKBI treated without (mock) or with 10 nM of RADOO1 for 5 days. (B) The expression of c-Myc and phosphorylated
form of AKT, mTOR, S6K and 4EBP1 in QGP-1 cells without or with knockdown of both PTEN and LKB1 with or without exposure
to 10 nM of RADOO1 for 48 hours by western blot. (C) The proliferative rate of QGP-1 cells with (QGP-1/c-Myc) or without (QGP-1/
VC) overexpression of c-Myc and the expression of c-Myc, PTEN and total and phosphorylated AKT, mTOR, S6k and 4EBP1. (D) The
cell proliferative rate of QGP-1 cells with double knockdown of PTEN and LKBI and triple knockdown of PTEN, LKB1 and c-Myc
compared with the proliferative rate of QGP-1/shLuc cells and the protein expression of c-Myc and phosphorylated form of AKT, mTOR,
S6K and 4EBP1 in QGP-1/shLuc, QGP-1/shPTEN/LKB1 and QGP-1/shPTEN/LKB1/c-Myc cells. (E) The survival rate of QGP-1/VC
and QGP-1/c-Myc treated with or without 10 nM of RADOO1 for 72 hours. *, QGP-1/VC treated with RADO001 vs. QGP-1/c-Myc treated
with RADOO1, P < 0.01 (F) The survival rate of QGP-1/shLuc, QGP-1/shPTEN/LKB1 and QGP-1/shPTEN/LKB1/c-Myc treated with or
without RADOO1 for 72 hours. The survival of QGP-1/shPTEN/LKBI1 treated with RAD0OO1 was better than that of QGP-1/shLuc cells
treated with RADOO1. When the QGP-1/shPTEN/LKBI1 cells were knocked down with c-Myc, the survival of QGP-1/shPTEN/LKB1/c-
Myc treated with RADO001 was similar to that of QGP-1/shLuc treated with RADOO1. *, QGP-1/shLuc treated with RAD001 vs. QGP-1/
shPTEN/LKBI treated with RAD001, P<0.01; ™, QGP-1/shPTEN/LKBI treated with RAD001 vs. QGP-1/shPTEN/LKB1/c-Myc treated
with RADOO1, P <0.01; ™, QGP-1/shLuc treated with RADO0O1 vs. QGP-1/shPTEN/LKB1/c-Myc treated with RADOO1, P =0.22.
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resistance of pNET cells to mTOR inhibitors as well as to
delineate the regulation of the AKT/mTOR/c-Myc axis by
PTEN and LKBI1 and the back regulation of PTEN/AKT/
mTOR by c-Myc.

Regulation of mTOR pathway by metformin
or targeting c-Myc by c¢-Myc inhibitor reverses
the attenuated sensitivity of pNET cells lacking
PTEN/LKBI1 to mTOR inhibitors

As enhanced c-Myc expression resulting from
PTEN and LKB1 loss was associated with the resistance
of pNET cells to mTOR inhibitors, targeting c-Myc is a
potential therapeutic approach for pNET. Because c-Myc
can be regulated by the mTOR pathway, drugs that
modulate mTOR activity, such as an AMPK activator,
are also potential therapeutic agents for pNET. We
treated QGP-1/shPTEN/LKB1 and QGP-1/shLuc cells
with RADO0O01, metformin, 10058-F4 (c-Myc inhibitor),
and combination of reagents at the indicated dose for 72
hours, and we measured the survival rate of the cells as
shown in Figure 5A. The survival of QGP-1/shPTEN/
LKB1 and QGP-1/shLuc cells was reduced to a similar
extent by metformin or 10058-F4 alone, but the survival
of QGP-1/shPTEN/LKBI1 cells was better than that of
QGP-1/shLuc cells when treated with RADOO1 alone.
Combination of RAD00! with metformin or 10058-F4
further decreased the survival of both cells and reversed
the attenuated sensitivity of QGP-1/shPTEN/LKBI1 cells
to RADOO1 as shown in Figure 5A. The c-Myc levels
and phosphorylation levels of mTOR, 4EBP1, and S6K
were decreased by RADO001 in both QGP-1/shPTEN/
LKB1 and QGP-1/shLuc cells as shown in Figure
5B. Increased phosphorylation of AKT resulting from
RADOO! treatment was found in both cells. When the
cells were treated with metformin alone, the c-Myc levels
and phosphorylation levels of 4EBP1 and S6K in QGP-
1/shPTEN/LKBI1 and QGP-1/shLuc cells were slightly
reduced. The combination of metformin and RADO00O1
significantly reduced the phosphorylation of S6K but not
that of mMTOR and 4EBP1 in both cells to a similar extent
as that by RADOO1. However, the c-Myc expression in
both QGP-1/shLuc and QGP-1/shPTEN/LKBI1 cells
was reduced to a greater extent after treatment with the
combination of metformin and RADOO1 compared to
RADOO1 alone. Compared to metformin alone, treatment
with 10058-F4 alone induced greater suppression of
c-Myc and phosphorylation of mTOR, 4EBP1, and S6K
in both cells. When the cells were treated with RAD001
and 10058-F4, c-Myc levels and phosphorylation levels of
mTOR, 4EBP1, and S6K were reduced to a greater extent
than by treatment with RADOOI or 10058-F4 alone. In
addition, the RAD001-induced enhanced phosphorylation
of AKT in QGP-1/shLuc and QGP-1/shPTEN/LKBI cells
was suppressed by treatment with RAD0OO1 and 10058-
F4. PARP cleavage and LC3B were not significantly

different or induced by RADO00O1, metformin, 10058-F4
or combination of the drugs. These results suggested that
these agents inhibit cell proliferation but do not induce
apoptosis or autophagy. These results also demonstrated
that the combination of RADO001 with metformin or
10058-F4 may enhance the anti-proliferative effect in
pNET cells and reverse the attenuated sensitivity of pNET
cells to mTOR inhibitors caused by PTEN and LKB1 loss
via a cytostatic effect.

Synergistic loss of PTEN and LKB1 promotes
tumor growth of pNET and combination of
c-Myc inhibitor or metformin enhances the
inhibition of pNET tumor growth induced by
RADO001

To evaluate the proliferation of pNET cells in vivo,
we injected QGP-1/shLuc, QGP-1/shPTEN, QGP-1/
shLKB1 and QGP-1/shPTEN/LKBI cells subcutaneously
into NOD-SCID mice and observed tumor growth. There
were 3 mice in the QGP-1/shLuc group, and 4 mice
each in the other 3 groups. Figure 6A shows that QGP-
1/shPTEN/LKB1 mice presented rapid tumor growth.
QGP-1/shLKB1 and QGP-1/shPTEN mice showed a
slight increase in tumor growth compared to that in QGP-
1/shLuc mice, which was similar to the in vitro result
although not statistically significant. To evaluate if the
drug resistance of RADOO1 observed in QGP-1/shPTEN/
LKBI cells can be reversed by the addition of metformin
or a c-Myc inhibitor in vivo, we treated the mice inoculated
with QGP-1/shLuc and QGP-1/shPTEN/LKBI1 cells
with RADOO1 alone, metformin alone, 10058-F4 alone,
RADO01 + metformin or RAD001+ 10058-F4 for 2 weeks
(5 days treatment and 2 days rest per week) and observed
tumor growth. There were 8 mice in each treatment group.
Figure 6B shows the tumor growth curves of these mice.
For QGP-1/shLuc mice, three in the metformin group
died by day 11, and 4 mice in the RADO0O1 + metformin
group died by day 14. For QGP-1/shPTEN/LKBI1 mice,
there was one mouse in the metformin group that died by
day 11, and the other mice were all alive by the end of
the 2-week treatment. For both QGP-1/shLuc and QGP-
1/shPTEN/LKB1 mice, the RAD001 + 10058-F4 and
RADO001 + metformin treatments had the best inhibitory
effects on tumor growth. QGP-1/shPTEN/LKB1 mice
were more resistant to RADOO1 compared to QGP-1/
shLuc mice, but this difference was not statistically
significant. However, the drug resistance was reversed
by the addition of metformin or 10058-F4. The relative
anti-tumor effect induced by RAD001, metformin, 10058-
F4 and combination of the agents is shown in Figure 6C.
These results demonstrated that metformin or 10058-F4
may reverse the attenuated sensitivity of QGP-1/shPTEN/
LKBI1 cells to RADOO1 in vivo similar to what was
observed in vitro.
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Figure 5: Regulation of mTOR pathway by metformin or targeting c-Myc by ¢-Myc inhibitor reverses the attenuated
sensitivity of pNET cells with PTEN/LKBI loss to mTOR inhibitor. (A) The survival rate of QGP-1/shLuc and QGP-1/shPTEN/
LKBI cells treated with indicated dose of RAD001, metformin, 10058-F4 and combination of the agents for 72 hours. The QGP-1/shPTEN/
LKBI1 cells had significant better survival than QGP-1/shLuc cells when treated with RAD001 alone. The survival rates between QGP-1/
shLuc and QGP-1/shPTEN/LKBI cells treated with metforim or 10058-F4 alone or RAD001 combined with metform or 10058-F4 were
not significantly different. *, QGP-1/shLuc treated with RAD001 vs. QGP-1/shPTEN/LKBI treated with RAD001, P = 0.08 (B) The
expression of c-Myc, PARP, LC3B and phosphorylated form of AKT, mTOR,, S6K and 4EBP1 in QGP-1/shLuc and QGP-1/shPTEN/
LKBI cells exposed to the indicated dose of RAD001, metformin, 10058-F4 and combination of the agents.
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c-Myc expression in pNET patients

We evaluated the c-Myc expression status in tumor
samples from pNET patients by immunohistochemistry.
c-Myc staining was present in the nuclei of tumors. The
c-Myc expression for two cases is presented in Figure
1. The demographics and expression status of c-Myc of
the patients are listed in Supplementary Table 1. Among
the 21 pNET patients, 17 patients had high expression
of c-Myc, which was not only found in the patients with
low expression of PTEN and/or LKB1 but also in those
with high expression of PTEN and LKB1. No association
of c-Myc expression was found with the sex, age, grade,
stage or survival of the patients (Supplementary Table 2),
and no association of c-Myc with PTEN and LKB1 was
found (Supplementary Table 3). These results suggested
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that regulation of c-Myc occurs through PTEN/LKB1-
dependent and -independent mechanisms. Among the
21 pNET patients, there were 5 patients treated with
everolimus. The patient characteristics, expression levels
of PTEN, LKB1 and c-Myc as well as the response of
these 5 patients to everolimus are listed in Supplementary
Table 4. Two patients with 3+ expression of c-Myc were
not responsive to everolimus. The statistical analysis for
the correlation of PTEN, LKBI1 and c-Myc with drug
sensitivity was not performed due to limited case numbers.

DISCUSSION

In this study, we found that 48% and 24% of the 21
pNET patients had a low expression of PTEN and LKB1,
respectively, and we also found that 81% of the 21 pNET
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Figure 6: The tumor growth curves of QGP-1 xenograft mice and anti-tumor response of QGP-1 xenograft mice
treated with RADO001, metformin, 10058-F4 and combination of RAD001 with metformin or 10058-F4. (A) The tumor
growth curves of QGP-1/shLuc, QGP-1/shPTEN, QGP-1/shLKB1 and QGP-1/shPTEN/LKBI1 xenograft mice from Day 0 to Day 42. The
tumor sizes were represented with mean + standard error. The p-value for the tumor size difference between shLuc and shPTEN/LKB1 was
0.1. (B) The tumor growth curves of QGP-1/shLuc (upper) and QGP-1/shPTEN/LKB1 (lower) xenograft mice treated with RAD001 (5mg/
Kg), metformin (250mg/Kg), 10058-F4 (30mg/Kg), RAD001 + metformin, or RAD001 + 10058-F4. The tumor size is represented with
mean =+ standard error. For QGP-1/shLuc mice, *, control vs. RAD001, P =0.06 ; ™, control vs. RAD001 + 10058-F4, P = 0.03; ", control
vs. RADO001 + Metformin, P =0.08. For QGP-1/shPTEN/LKBI1 mice, *, control vs. RAD001 + 10058-F4, P=0.03; ™, control vs. RAD001
+ metformin, P=0.02. (C) The ratio of tumor size in drug treated group relative to the tumor size in control group.
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patients had a high expression of c-Myc. We demonstrated
that the deficiency of PTEN and LKB1 synergistically
promoted the proliferation of pNET cells and attenuated
the sensitivity of pNET cells to mTOR inhibitors via up-
regulation of AKT/mTOR/c-Myc. Targeting c-Myc or
modulation of the mTOR pathway by an AMPK activator
reversed the attenuated sensitivity of pNET cells with
PTEN and LKBI1 loss to mTOR inhibitors in vitro and
in vivo.

PTEN deficiency induces tumor progression or
invasion via different pathways, including the PI3K/
AKT/mTOR pathway, in various cancers [17, 18]. Loss
of LKB1 activates the mTOR pathway and promotes
cell growth, survival and tumorigenesis in acute myeloid
leukemia, squamous cell carcinoma of skin, and squamous
cell carcinoma of lung via LKB1/AMPK regulation [19—
21]. Synergistic loss of PTEN and LKBI1 leads to the
development of various types of cancers in mouse models
[13, 22-24]. In our study, we demonstrated enhanced
proliferation of pNET cell lines resulting from PTEN and/
or LKBI1 loss via activation of the AKT/mTOR pathway
and up-regulation of c-Myc.

c-Myc is an oncogenic transcription factor and
plays a major role in the promotion of ribosomal RNA
biosynthesis, cell growth and cell proliferation [25].
c-Myc also modulates resistance to chemotherapy
or mTOR inhibitors in leukemia stem cells or breast
cancers [26, 27]. c-Myc can be regulated by the PTEN,
LKB1, AKT and mTOR pathway at transcriptional or
posttranscriptional levels in cancer cells [28-31]. c-Myc
is considered the downstream target of the AKT/mTOR
pathway in pNET cells because c-Myc expression in
QGP-1/shPTEN cells was reduced by AKT knockdown
or treatment with RADOO1, a mTOR inhibitor. In contrast,
c-Myc overexpression in QGP-1 cells promoted cell
growth and induced activation of AKT and 4EBPI.
Downregulation of c-Myc in QGP-1/shPTEN/LKBI cells
reduced the phosphorylation of AKT, mTOR, S6K and
4EBP1. These results indicated that c-Myc is not only
downstream of AKT/mTOR but can also back regulate the
AKT/mTOR pathway in pNET cells. According to Guo et
al., c-Myc up-regulates miR-26a, which suppresses PTEN
expression in glioblastoma multiforme cells [32]. In our
study, the regulation of AKT by c-Myc in QGP-1 cells
occurred through negative regulation of PTEN by c-Myc
as shown in Figure 4C and Supplementary Figure 2. In
addition, 81% of pNET patients, which included those
with high expression of PTEN and LKBI1, had high
expression of c-Myc in their tumor tissues, suggesting
that the up-regulation of c-Myc may be attributed to the
PTEN/LKBI1-dependent and -independent regulation
in pNET. Activation of the AKT/mTOR pathway by
c-Myc overexpression via a PTEN/LKB1-independent
mechanism may overcome the suppressive effect of
PTEN/LKBI on the AKT/mTOR/c-Myc axis and explain
the high expression of c-Myc in pNET patients with high

expression of PTEN and LKBI1. c-Myc associates with
the resistance to mTOR inhibitors in breast and colorectal
cancers [27, 33]. Our study was consistent with these
previously reported results in that up-regulated c-Myc
was associated with resistance to everolimus in pNET
cells. However, this correlation was not defined in the
patients in our study. Only 5 of 21 pNET patients received
everolimus treatment in our study, and all of them had
high expression (2+ or 3+) of c-Myc. We found that 2
patients with strong expression (3+) of c-Myc were not
responsive to everolimus, while 3 patients with moderate
expression (2+) of c-Myc were responsive to everolimus.
Because the case number was too limited, we were unable
to correlate the association of c-Myc expression with
everolimus sensitivity.

In mouse endometrial and bladder cancers, loss
of PTEN and LKBI leads to activation of the AKT/
mTOR pathway and results in tumors sensitivity to PI3K
and mTOR inhibition. However, different from the two
mouse models, our results showed that PTEN and LKB1
loss induced attenuated sensitivity of pNET cells to
mTOR inhibitors. Therefore, PTEN and LKB1 loss not
only confers proliferative advantage of pNET cells but
also attenuates the sensitivity of pNET cells to mTOR
inhibitors via up-regulating the AKT/mTOR/c-Myc axis.
The putative model for the regulation of AKT/mTOR/c-
Myc by PTEN and LKBI1 and the back regulation of
PTEN/AKT/mTOR by c-Myc is shown in Figure 7.

c-Myc is thought to mitigate the response to
rapamycin in prostate cancer through up-regulation
of 4EBP1 [34]. In our study, RADOO1 suppressed
phosphorylation of 4EBP1 in QGP-1/shPTEN/LKBI and
QGP-1/shLuc cells, but it had a lesser effect in inhibiting
the proliferation of QGP-1/shPTEN/LKBI cells than that
of QGP-1/shLuc cells, suggesting the exclusion of the
mTOR downstream factor, 4EBP1, as the key factor to
induce drug resistance in QGP-1/shPTEN/LKBI cells.
Furthermore, combination of the c-Myc inhibitor, 10058-
F4, with RADOO1 synergistically suppressed c-Myc
expression in QGP-1/shPTEN/LKBI cells and reversed
sensitivity of QGP-1/shPTEN/LKBI1 cells to RADOOI.
These results further confirmed the association of c-Myc
and resistance of pNET cells to mTOR inhibitors.
Therefore, targeting c-Myc is a potential therapeutic
approach for the treatment of pNET.

PTEN loss is noted in many cancer types and is
associated with poor clinical outcome [35, 36]. Altered
expression of PTEN is also present in pulmonary NETs
[37]. The percentage of low PTEN expression in pNET
patients varies and ranges from 10 to 50% with a trend
for an association with tumor grading and survival [4, 6,
11, 38, 39]. In our study, low expression of PTEN was
identified in 10 patients (47.6%). The percentage for low
PTEN expression in pNET was close to that reported by
Missiaglia et al. [4] and Qian et al. [6]. Due to a limited
case number, we did not find significant correlation
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between grade, stage or survival of the patients with their
PTEN expression status. Low expression of LKB1 (0
to < 20%) has been noted in 45/53 (84.9%) high grade
neuroendocrine carcinomas of the lung but only in 3/15
(20%) pulmonary carcinoids [16]. In this study, we found a
similar percentage of low expression of LKB1 in pNET as
that in pulmonary NET. Although we could not clarify the
effect of LKB1 on pNET due to the limited case number
in our study, the association between aberrant LKB1 with
or without PTEN deficiency and clinical outcome of pNET
patients is worthy of further investigation.

c-Myc overexpression is commonly found in Merkle
cell carcinoma (MCC), an aggressive neuroendocrine
tumor of skin. Inhibition of c-Myc by shRNA or the
bromodomain and extra-terminal (BET) inhibitor in MCC
cells induces cell cycle arrest and inhibits tumor growth in
MCC xenograft mice [40]. Inhibition of cell proliferation
and induction of cell cycle arrest has been demonstrated
in human pNET cell lines when exposed to the BET
inhibitor, CP1203, via targeting c-Myc [41]. In our study,
we used 10058-F4 to inhibit c-Myc by interfering with
the interaction of c-Myc and MAX, which is required

for transactivation of c-Myc without the need for the up-
regulation of c-Myc [42]. The combination of 10058-F4
and RADO0001 enhanced the anti-proliferative effect of
RADO0O01 against QGP-1 cells both in vitro and in vivo,
which reinforced the importance of c-Myc activation for
cell growth and survival of pNET.

Metformin is a widely administered anti-diabetic
therapeutic agent. Metformin inhibits the cell growth
of various cancers alone or in combination with other
therapeutic agents via LKBl-dependent or LKBI-
independent activation of AMPK and subsequent
suppression of mTOR and its downstream effectors [43—
47]. Metformin can suppress mMTORC1 and its downstream
proteins in pNET, midgut NET, and pulmonary NET cell
lines as well as inhibit cell proliferation of all three cell
lines [48]. Currently, a phase II study (MetNET-1 trial,
NCT 022940006) to evaluate the activity and safety of
everolimus (RADO00O1) in combination with octreotide
LAR and metformin in advanced pNET patients is
ongoing [49]. In our study, metformin combined with
RADOO1 exerted an anti-proliferative effect against
QGP-1/shPTEN/LKBI cells via suppression of mTOR,

4

AKT

Metformin

10058-F4 | —]

Cell proliferation

mTOR inhibitor resistance

Figure 7: The putative model for the regulation of AKT/mTOR/c-Myc axis by PTEN and LKBI1 in pNET. PTEN and
LKBI1 can inhibit mTOR and its downstream effector, 4EBP1 and subsequent activation of c-Myc via inhibiting AKT activation and
activating AMPK, respectively. However, c-Myc can activate mTOR through negatively back-regulating PTEN with activation of AKT or
feedback activation of 4EBP1 directly and results in activation of c-Myc further. Metformin, an AMPK activator, can inhibit mTOR, 4EBP1
and c-Myc via activation of AMPK. 10058-F4, a c-Myc inhibitor, can also inhibit c-Myc and mTOR and 4EBP1 via inhibiting feedback

regulation of mMTOR and 4EBP1 by c-Myc.
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S6K, 4EBP1 and c-Myec. The potent anti-tumor effect of
metformin combined with RADOO01 was also observed in
our animal study, although higher mortality was noted in
the metformin-treated groups. These results suggested the
importance of selecting the optimal dose of metformin and
supported the potential role of metformin in combination
with RADOO1 for pNET treatment.

In conclusion, we identified aberrant expression
of PTEN, LKBI1 and c-Myc in pNET patients. Loss
of PTEN and LKBI or activation of c-Myc promoted
the proliferative advantage of pNET and attenuated
the sensitivity of pNET cells to mTOR inhibitors via
activation of the AKT/mTOR/c-Myc axis in pNET.
Combination of metformin or 10058-F4 with RADO01
enhanced the anti-proliferative effect of RADO001 against
pNET cells in vitro and in vivo. These results suggested
that c-Myc is a potential therapeutic target in addition to
mTOR for the treatment of pNET.

MATERIALS AND METHODS

Cell lines, plasmids and reagents

QGP-1, a human pNET cell line, was purchased
from the Japanese Collection of Research Bioresources
(JCRB, Tokyo, Japan). NIT-1, a mouse pNET cell
line, was purchased from the Bioresource Collection
and Research Center (BCRC, Hsinchu, Taiwan). The
passages of the two cell lines used in this study were less
than 15. We sent the QGP-1 cell line to the Center for
Genomic Medicine of National Cheng Kung University
for genotyping in June 2016, and the result showed
the same STR PCR DNA profile as those in the JCRB
database. QGP-1 and NIT-1 cells were cultured in RPMI-
1640 (HyClone, South Logan, Utah, USA) medium
and F12-Kaighn’s (Gibco, Grand Island, NY, USA)
medium, respectively, containing 10% fetal calf serum
and antibiotics. PTEN and c-Myc expression plasmids
were purchased from Addgene (Cambridge, MA, USA).
shRNAs targeting PTEN, LKBI1, AKT and c-Myc
were obtained from the National RNAi Core Facility
of Academic Sinica (Taipei, Taiwan). Rapamycin and
RADO001 were purchased from LC Laboratories (Boston,
MA, USA) and Selleckchem (Houston, TX, USA),
respectively. Metformin was purchased from TOCRIS
(Bristol, UK), and 10058-F4 was purchased from
Calbiochem (San Diego, CA, USA).

Stable cell establishment

Stable gene overexpression or knockdown in QGP-1
and NIT-1 cells was conducted by the lentiviral infection
system according to Addgene instructions. We replaced
virus medium with fresh medium 24 hours after lentiviral
infection, and the cells were treated with puromycin to

select infected cells. Stable cells were confirmed by western
blot analysis.

Western blot analysis

Lentivirus-infected or drug-treated cells were harvested
in lysis buffer. An equal amount of proteins was subjected
to SDS-PAGE. Proteins were transferred onto PVDF
membranes, and the blots were incubated with the following
different primary antibodies: PTEN and LKB1 from Santa
Cruz Biotechnology (Dallas, USA); AKT, p-AKT(S473),
mTOR, p-mTOR (S2448), S6K, p-S6K (T389), 4EBP1, and
p-4EBP1 (T70) from Cell Signaling (Danvers, MA, USA);
and c-Myc and Actin from Abcam (Cambridge, MA, USA).
Enhanced chemiluminescence reagents were used to depict
the protein bands on the membrane, and the bands were
visualized by an UVP biospectrum image system (Upland,
CA, USA). Representative images are shown from duplicate
or triplicate experiments.

Methylene blue colorimetric and MTT assays

Proliferation of cells with knockdown or
overexpression of indicated genes and survival rate of the
cells treated with or without mTOR, c-Myc inhibitors or
AMPK activator were analyzed. Briefly, 20,000 cells were
seeded in 24-well culture plates with or without indicated
agents for indicated durations. Cell proliferation or survival
was measured by methylene blue or MTT assays. For the
methylene blue assay, 0.5% methylene blue solution was
incubated with adherent cells in microplate for 1 hour
and then removed by PBS wash. Finally, 1% sarcosine
was added to each well of the microplate to dissolve
the methylene blue, and growth curves were determined
according to absorbance at 595 nm using a SpectraMax
MS5 microplate reader (Molecular Devices, Sunnyvale, CA,
USA). For the MTT assay, 20,000 cells were seeded in
24-well culture plates with or without indicated agents for
indicated durations. MTT was added directly to the culture
medium and incubated at 37°C for 4 hours. The medium
was then replaced with DMSO, and cell proliferation and
survival were determined according the absorbance at
570 nm using a SpectraMax M5 microplate reader. The
cell proliferative rate of the cells with indicated gene
aberrations was 1 at day 0, and the proliferative rate of
the cells from day 1 to day 5 was calculated by dividing
the absorbance at 595 nm each day by the absorbance at
595 nm at day 0. The survival rate of cells not treated with
mTOR, c-Myc inhibitor or AMPK activator was presented
as 1 (100%), and the survival rate of the cells treated
with the indicated drugs was calculated by dividing the
absorbance at 595 or 570 nm of cells exposed to drugs
by the absorbance at 595 or 570 nm of cells without drug
exposure. Each data point was in triplicate, and the result
is presented as the mean + standard error.
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Immunohistochemistry and scoring

Tumor tissues were obtained from pNET patients
diagnosed at the National Cheng Kung University Hospital
from 2006 to 2015. This study was approved by the
Institutional Review Board (A-BR-102-025), and informed
consent was obtained from all patients. Immunostaining
was performed with a Leica Bond-Max automatic
immunostainer (Leica, Bannockburn, IL) following 25
minutes of incubation at room temperature in Bond™
Epitope Retrieval Solution 1 (Leica Biosystems, Catalog
No. AR9961). Slides were incubated with a 1:200 dilution
of anti-LKB1 antibody (Santa Cruz Biotechnology), a
1:200 dilution of anti-PTEN antibody (6H2.1, Genemed,
South San Francisco, CA, USA), or a 1:100 dilution of
anti-c-Myc antibody (aa386-435, Abgent, San Diego, CA,
USA) for 1 hour at room temperature. Paraffin-embedded
sections of human breast cancer cells were included as
positive controls for PTEN. Negative controls replaced
the primary antibody with PBS. The expression of LKB1,
PTEN, and c-Myc was rated semiquantitatively based on
the staining intensity and staining percentage. The staining
intensity was scored as “-,” “1+,” “2+,” and “3+” for
“Negative,” “Weak,” “Moderate” and “Strong” staining,
respectively.

In vivo study

NOD-SCID (6 to 8 weeks old) male mice were
obtained from LASCO (Taipei, Taiwan) and housed
under specific pathogen-free conditions according to
the guidelines of the Animal Care Committee at the
National Health Research Institutes, Taiwan. QGP-1
(shLuc, shPTEN, shLKBI1 and shPTEN/LKBI) cells
(1x107) mixed with Matrigel (BD Biosciences, San Jose,
CA, USA) in 0.1 mL were injected subcutaneously into
each mouse. Tumor volume was measured by caliper
measurements and calculated as length (mm) x width?
(mm) x (7/6) [50]. The mice (QGP-1/shLuc or QGP-1/
shPTEN/LKB1) were orally or intraperitoneally injected
with the indicated dose of RADO001 (5mg/kg), metformin
(250mg/kg) or 10058-F4 (30mg/kg) either alone or
in combination for 2 weeks after tumors developed to
approximately 200 to 300 mm?. Tumor volumes were
measured twice a week from the initiation of treatment
to 2 weeks.

Statistical analysis

The difference in the proliferative rate between
different clones of cells was analyzed by #-test. The
difference in the survival rate for the cells treated with

using SAS software (SASInstitute Inc, Cary, NC, USA).
The comparison for the differences in tumor size in the
animal study was analyzed by the Wilcoxon rank-sum test
using SAS (SASInstitute Inc, Cary, NC, USA).
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