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MiR-15a and miR-16 induce autophagy and
enhance chemosensitivity of Camptothecin
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It has been reported that persistent or excessive autophagy promotes cancer cell death during chemotherapy, either
by enhancing the induction of apoptosis or mediating autophagic cell death. Here, we show that miR-15a and miR-16
are potent inducers of autophagy. Rictor, a component of mTORC2 complex, is directly targeted by miR-15a/16.
Overexpression of miR-15a/16 or depletion of endogenous Rictor attenuates the phosphorylation of mTORC1 and
p70S6K, inhibits cell proliferation and G1/S cell cycle transition in human cervical carcinoma Hela cells. Moreover, miR-
15a/16 dramatically enhances anticancer drug camptothecin (CPT)-induced autophagy and apoptotic cell death in
Hela cells. Collectively, these data demonstrate that miR-15a/16 induced autophagy contribute partly to their inhibition
of cell proliferation and enhanced chemotherapeutic efficacy of CPT.

Introduction

Autophagy is an evolutionarily conserved cellular catabolic
process, by which damaged or excessive organelles and cyto-
plasmic proteins are degraded through lysosome degradation
system." Recently, autophagy has been proposed to play
important roles in many physiological and pathological pro-
cesses, such as cell proliferation, differentiation and metabo-
lism.” The mechanistic target of rapamycin (mTOR)
signaling pathway senses and integrates a variety of environ-
mental cues to regulate organismal growth and homeostasis,
including autophagy.® It is well established that activation of
rapamycin-sensitive mMTORCI inhibits autophagosome forma-
tion through phosphorylating and repressing Ulkl kinase
activity.” mTORCI also indirectly regulates autophagy by
controlling lysosome biogenesis through phosphorylation of
transcription factor EB (TFEB), which drives the transcrip-
tion of several lysosome- and autophagy-specific genes.®
Unlike mTORCI1, much less is known about rapamycin-
insensitive mTORC2 pathway. After being activated by

growth factors, mMTORC2 regulates cell growth and prolifera-
tion via phosphorylation of Akt at Ser473 and SGK1.” Acti-
vation of Akt and SGKI results in phosphorylation and
the transcription factor
FoxO3a,”'" which regulates the expression of autophagy-
related genes, such as LC3 and BNIP3.'"'? In this manner,
mTORC2 also acts as a negative regulator of autophagy.
MicroRNAs (miRNAs) are a class of noncoding RNA that
negatively regulate gene expression through binding to the 3’
untranslated region (3'UTR).">'* MiRNAs are important regu-
lators in various fundamental biological and pathological pro-
cesses, such as cell proliferation, apoptosis, differentiation,
metabolism, and cancer, as well as autophagy‘.15 20 MiRNAs

nuclear export inactivation of

have recently been identified as important regulators of autoph-
agy.19 Some miRNAs suppress autophagic activity via targeting
autophagy-related proteins (ATGs) under stress conditions. It
has been shown that miR-20a impedes autophagy through
AtglGL1 during hypoxia induced osteoclast differentiation,”'
while miR-181a inhibits starvation and rapamycin induced
autophagy through Atg5.”> Some miRNAs promote autophagy
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by repressing important upstream signals of autophagy pathway.
For example, hypoxia induced miR-155 promotes autophagic
activity through targeting Rheb and other component in mTOR
signaling.”»** miR-34a inhibits autophagy and enhances chemo-
therapy-induced apoptosis in the retinoblastoma cell through
HMGB1.%

The miR-15a/107 group of miRNA contains a series of
miRNAs, including miR-15a, miR-15b, miR-16, miR-103
and miR-107 family. MiR-15a and miR-16 form 2 different
clusters in mammals and these 2 miRNAs are found to be
frequently deleted or downregulated in many types of can-
cers, including chronic lymphocytic leukemia (CLL), colorec-
tal cancer, squamous-cell carcinoma, ovarian cancer and
prostate cancer.’® As tumor suppressors, miR-15a and miR-
16 were shown to inhibit cancer cell proliferation by target-
ing various cyclins and CDKs and induce apoptosis through
down-regulating the anti-apoptotic gene Bcl-2.””7*” In the
present study, we report miR-15a and miR-16 directly target
Rictor, an important component in mTORC2 pathway.
Overexpression of miR-15a/16 or knockdown Rictor downre-
gulate: mTORC1/p70S6K, increase autophagic activity. In
addition, miR-15a/16 significantly enhances anticancer drug

Results

MiR-15a/16 increases autophagic activity

To elucidate the effects of miR-15a and miR-16 on autoph-
agy, we performed LC3 puncta formation and LC3 conversion
assays. Hela cells stably expressing GFP-LC3 fusion protein
were transiently transfected with miR-15a or miR-16 mimics.
GFP-LC3 puncta formation was visualized by confocal micro-
scope. As shown in Figure 1A, there was a significant increase of
GFP-LC3 puncta in cells transfected with miR-15a or miR-16
compared with the negative control (NC). Quantification of
GFP-LC3 dots in each cell confirmed that autophagosomes accu-
mulated when miR-15a and miR-16 were over-expressed
(Fig. 1B).

We then detected the conversion of LC3-I to LC3-II and
p62 expression using western blot. Consistent with the results
from the GFP-LC3 puncta assay, there was a significant
increase of lipidated LC3-II in cells transfected with miR-15a
or miR-16 (Fig. 1C). p62/SQSTMI is a selective substrate
for autophagy-lysosome degradation, so total p62 protein lev-
els reflect autophagic activity. Indeed, overexpression of miR-
15a and miR-16 resulted in reduced p62 protein levels

CPT-induced apoptotic cell death through excessive (Fig. 1C). To test whether the increase in autophagosomes is
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Figure 1. MiR-15a and miR-16 increase autophagic activity. (A, B) MiR-15a and miR-16 promote GFP-LC3 puncta formation. Hela cells stably expression
GFP-LC3 were transfected with miR-15a, miR-16 or negative control (NC). Cells were fixed at 48 h post transfection. (A) Representative images were cap-
tured by confocal microscope. Scale bar, 10 wm. (B) Quantitative analysis of GFP-LC3 puncta in (A). Data shown are means =+ SD of three independent
experiments. **P < 0.01. (C) Over-expression of miR-15a or miR-16 induces LC3-Il conversion and p62 degradation. Densitometric analysis were calcu-
lated using Image J software. (D) Overexpression of miR-15a and miR-16 increase autophagic flux. Hela cells transfected with NC, miR-15a or miR-16
were treated with Baf A1 (10 nM) for 2 h. Western blotting was performed to analyze the status of LC3, p62 and GAPDH. (E) Densitometric analysis of
LC3-1I/GAPDH or (F) p62/GAPDH ratios from immunoblots using Image J. Data shown are means =+ SD of three independent experiments. *P < 0.05,
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degradation, we performed an autophagic flux assay. Bafilo-
mycin Al (Baf Al) is a lysosomotropic reagent that blocks
autophagosome degradation. As we expected, Baf Al treat-
ment caused elevated levels of LC3-II in the NC, miR-15a
and miR-16 transfected cells (Fig. 1D and E). In addition,
p62 protein levels also increased upon Baf Al treatment in
miR-15a and miR-16 transfected cells (Fig. 1D and F).
Therefore, we conclude that miR-15a and miR-16 increase
autophagic activity.

Inhibition of endogenous miR-15a and miR-16 repress
autophagic activity

To further identify the connection between miR-15a, miR-16
and autophagy, we inhibited endogenous miR-15a and miR-16
expression and repeated the above assays. We used a single strand
miRNA inhibitor (Ant-miR-15a and Ant-miR-16) to block
endogenous miR-15a and miR-16 expression (Fig. 2A). GFP-
LC3 puncta accumulation was suppressed when endogenous
miR-15a and miR-16 were inhibited (Fig. 2B and C). A Western
blot of LC3 conversion and p62 expression also showed that
inhibition of miR-15a or miR-16 resulted in a decrease in LC3-
IT conversion and an increase in p62 expression (Fig. 2D). These

results demonstrate the relevance of endogenous miR-15a and
miR-16 with autophagy.

Rictor is a direct target of miR-15a and miR-16

Having confirmed miR-15a and miR-16 function in the regu-
lation of autophagy, we employed the miRNA prediction algo-
rithm, Findtar and TargetScan, to clarify potential targets of
miR-15a and miR-16.7>?" Both of the algorithms predicted Ric-
tor as a potential target of miR-15a and miR-16 (Fig. 3A). We
measured Rictor protein expression levels using immunoblot and
results showed that Rictor protein expression was significantly
lower when miR-15a and miR-16 were overexpressed and pro-
tein levels significantly increased when endogenous miR-15a and
miR-16 were inhibited (Fig. 3B).

In order to confirm the direct binding of miR-15a and miR-
16 to 3’'UTR of Rictor mRNA, the 3'UTR fragments containing
wild-type (WT) or mutated (MUT) seed regions of the miR-15a
and miR-16 targets were cloned into a dual-luciferase reporter
vector (Fig. 3A). The WT reporter vector exhibited a significant
reduction of luciferase activity when co-transfected with miR-
15a and miR-16 compared to NC. In contrast, the seed region
mutation vector abrogated this inhibitory effect of miR-15a and
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Figure 2. Inhibition of endogenous miR-15a and miR-16 repress autophagic activity. (A) Blockage of endogenous miR-15a or miR-16 expression by trans-
fection of single strand ant-miRNA. (B) Inhibition of endogenous miR-15a or miR-16 inhibits GFP-LC3 puncta formation. HelLa cells transfected with ant-
miR-15a, ant-miR-16 or control (ant-NC) were fixed at 48 h after transfection. Representative images were captured by confocal microscope. Scale bar,
10 pm. (C) Quantitative analysis of GFP-LC3 puncta per cell. At least 200 cells were examined in each experimental group. Data shown are means + SD
of three independent experiments. **P < 0.01. (D) HeLa cells were transfected with ant-miR-15a, ant-miR-16 or ant-NC. Western blotting was performed
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Figure 3. Rictor is a direct target of miR-15a and miR-16. (A) Predicted binding sequence of miR-15a, miR-16 in Rictor 3’ UTR. (B) Western blot analysis of
Rictor and GAPDH proteins in Hela cells transfected with miR-15a, miR-16, NC, ant-miR-15a, ant-miR-16 or anti-NC. Protein ratios were determined by
ImageJ densitometric analysis. (C) Luciferase reporter assay of wild type (WT) or mutated (MUT) Rictor 3'UTR vector co-transfected with NC, miR-15a or
miR-16 respectively. Data shown are means =+ SD of three independent experiments, **P < 0.01, student 2-tailed t test. (D) HeLa cells were transfected
with Rictor siRNAs, miR-15a, miR-16 or NC. Western blotting was performed to analyze the status of LC3, p62, Rictor and GAPDH.

miR-16 (Fig. 3C). Therefore, miR-15a and miR-16 suppress
Rictor expression through direct binding to its 3UTR.

Knockdown of Rictor has effects similar to miR-15a
or miR-16

After we identified that Rictor is real target of miR-15a and
miR-16, we wanted to test whether knockdown of Rictor has a
similar effect on autophagy. We used Rictor siRNA to knock
down its endogenous expression and explore its function on LC3
conversion or p62 protein degradation. As shown in Figure 3D,
Rictor siRNA has the effect of increasing LC3 conversion and
decreasing p62 protein levels, similar to miR-15a and miR-16.
Therefore, miR-15a and miR-16 may induce autophagy by sup-
pressing Rictor expression.

It has previously been reported that mTORC2 can activate
mTORCI through Akt phosphorylation.”* Consistent with pre-
vious descriptions, mMTORCI activity was downregulated when
we knocked down Rictor with siRNA. Phosphorylation of
mTOR and downstream p70S6K were reduced in Rictor
knocked-down cells. Overexpression of miR-15a or miR-16 had
an effect on mTORCI and p70S6K activity, similar to Rictor
siRNA (Fig. 4A). These data cumulatively reveal that miR-15a
and miR-16 have an effect on autophagy and mTORCI activity
that is similar to Rictor siRNA.

MiR-15a and miR-16 inhibit cell growth partly
through autophagy

In order to test whether miR-15a and miR-16 exert their cell
inhibitory function through autophagy, we performed MTT and
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flow cytometry analysis. As shown in Figure 4B, the MTT assay
revealed that there was a significant reduction in cell growth at
48h in cells transfected with miR-15a, miR-16 or Rictor siRNA.
A flow cytometry assay also showed G1 arrest in cells overexpress-
ing miR-15a/16, as well as in cells with Rictor knockdown
(Fig. 4C). Atg7 is an El-like enzyme and required for covalent
conjugation of Atgl2 to Atg5. Atg7 is an essential gene for
autophagy, so we used Atg7 siRNA to block autophagy. Our
results demonstrated that blocking autophagic activity abolished
the G1/S arrest by miR-15a/16 or Rictor siRNA (Fig. 4D). The
cell proliferation assay also showed that depletion of Atg7 partly
restored the inhibitory effect of miR-15a/16 and Rictor siRNA
on cell proliferation (Fig. 4B). These indicate that there is a
potential link between miR-15a and miR-16 induced autophagy
and inhibition of cell proliferation.

MiR-15a and miR-16 enhance chemotherapeutic efficacy
of Camptothecin

Camptothecin (CPT) is an anti-cancer drug used in cancer
chemotherapy. At concentrations of both 5uM and 10uM,
treatment with CPT dramatically induced autophagy and apo-
ptotic cell death in Hela cells, as revealed by LC3-1I conver-
sion, p62 degradation, cleavage of PARP and caspase-3
(Fig. 5A). Interestingly, overexpression of miR-15a or miR-16
significantly increased CPT-induced autophagic activity,
whereas knockdown endogenous miR-15a/16 produced the
opposite effects (Fig. 5B). Then we tested whether miR-15a
and miR-16 would enhance the anti-cancer efficacy of CPT.
Cells transfected with miR-15a or miR-16 exhibited more
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rigorously decrease in the cell proliferation assay (Fig. 5C).
Immunoblotting results also confirmed that CPT induced apo-
ptosis was greatly enhanced by miR-15a or miR-16 compared
with NC while knockdown endogenous miR-15a and miR-16
decreased CPT induced apoptosis as determined by cleaved
PARP1 and caspase-3 (Fig. 5D). Moreover, flow cytometry
assay showed that miR-15a and miR-16 transfection led to
more apoptotic cells than CPT only (Fig. 5E and F). Collec-
tively, these data support the notion that miR-15a and miR-
16 down-regulate cell proliferation partly through modulation
of autophagy and enhance chemotherapeutic efficacy of the
anticancer drug CPT.

Discussion
MiRNAs are important regulators in various biological pro-
cesses by targeting genes in different signaling pathways. MiR-

15a and miR-16 were reported as tumor suppressors and inhib-
ited cancer cell prolifcration.26 MiR-15a and miR-16 are
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activity induces autophagy and
muscle atrophy through activation of FoxO3, a transcription fac-
tor downstream of Akt that induces expression of many autoph-
agy-related genes.'"'? mTORC2 has also been
reported as a positive regulator of autophagy through mTORC2-
Ypk signaling during amino acid starvation.’®>” Therefore, the

However,

function of mTORC?2 in autophagy regulation is dependent on
cell context. Our results indicate that mMTORC2 acts as a negative
regulator and knockdown of Rictor induces autophagy.
Chemotherapy and radiotherapy play important roles in cur-
rent cancer therapies and create an interplay between autophagy
and cancer therapy.”® Combination chemotherapy is widely used
to treat cancer and is more effective than single chemotherapy
because of resistance to single chemical treatments.*”
of evidence implicates a paradoxical role of autophagy following

Several lines

anticancer treatments. Autophagy induction can increase or
decrease anticancer drug efficacy. On the one hand, autophagy is
activated as a pro-survival mechanism in some cancer cells during
chemotherapy. Inhibition of autophagy can re-sensitize drug
resistant cancer cells and augment cytotoxicity of chemothera-

peutic agents. On the other hand, persistent or excessive
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Figure 5. MiR-15a and miR-16 enhance chemotherapeutic efficacy of Camptothecin. (A) Camptothecin (CPT) induced LC3 conversion, p62 degradation, and
cleavage of caspase 3 and PARP. (B) Transfection of miR-15a or miR-16 increased CPT-induced autophagy and inhibition of endogenous miR-15a or miR-16
had the opposite effects on CPT-induced autophagy. Image J densitometric analysis of LC3-1I/GAPDH and p62/GAPDH was shown. (C) Cell viability assay of
Hela cells transfected with miR-15a, miR-16 or Rictor siRNA in DMSO or CPT treated cells. Data shown are means = SD of three independent experiments,
**P < 0.01, student 2-tailed t test. (D) Western blot analysis of cleaved PARP1 and caspase 3 in Hela cells transfected with miR-15a, miR-16, Rictor siRNA, NC
or ant-miR-15a, ant-miR-16, ant-NC and treated with CPT for 24 h. (E) Hela cells transfected with miR-15a, miR-16, Rictor siRNA, or NC were incubated with
10 uM CPT for 36 h. Cells were harvested and stained with PtdIns and annexin V-FITC for apoptotic analysis. (F) The percentage of apoptotic cells were the
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quadrant (annexin V-FITC +/PtdIns - cells). Data shown are means =+ SD of three independent experiments, *P < 0.05, **P < 0.01, student 2-tailed t test.

cells), as well as late apoptotic cells located in the upper right

autophagy promotes cancer cell death during chemotherapy,
either by enhancing the induction of apoptosis or mediating
autophagic cell death.*® Several lines of evidence suggest that
miRNA sensitizes cancer cells to chemotherapeutic drugs through
the regulation of autophagy signaling.*"** It has been reported
that miR-30a suppresses Beclin 1-mediated autophagy and sensi-
tizes tumor cells to cisplatinum.* However, miR-21 downregu-
lation causes enhanced autophagic activity and increased
chemosensitivity to etoposide or doxorubicin in K562 and KYO-
1 cells, and this chemosensitivity was reverted by pre-treating
cells with autophagy inhibitor 3-MA.*® Inhibition of miR-25
leads to autophagic cell death and increases chemosensitivity to
isoliquiritigenin in MCE-7/ADR cells.*” Considering the para-
doxical role of autophagy in cancer therapy, recognizing func-
tional autophagy status in tumors will be required to direct the
appropriate therapy.

Taken together, our study suggests that Rictor is one of
the direct targets of miR-15a and miR-16 and this accounts
for its function in autophagy induction. The connection
between Rictor and autophagy contributes partly to the inhi-
bition of cell proliferation caused by miR-15a and miR-16.
In addition, Furthermore, miR-15a and miR-16-mediated
autophagy induction increases the chemosensitivity of Hela
cells to CPT. Both miR-15a and miR-16 might be potential
candidates for combination therapy of miRNA and CPT or
other chemotherapeutic agents.
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Materials and Methods

Cell culture

Hela (human cervical cancer, ATCC, CCL-2) cells were cul-
tured in Dulbeco’s modified Eagle’s medium (DMEM, Gibco,
12800-017) supplemented with 10% fetal bovine serum (FBS,
PAA, A15-101), 10 U/mL pencillin-streptomycine (Gibco/Invi-
trogen, 15140-122) at 37°C in a humidified 5% CO, incubator.

Target prediction
Two conventional online programs: Targetscan (http://www.
targetscan.org) and Findtar (http://bio.sz.tsinghua.edu.cn) were

used to predict the targets and precise binding sites of MIR15a
and MIR16.

MiRNA and siRNA transfection

All miRNA mimics, miRNA inhibitors and siRNAs were pur-
chased from Shanghai GenePharma Co. Ltd. The sequences of
siRNAs were used as follows:

siRictor-1:  5'-GCAGCCUUGAACUGUUUAATT-3/, 5'-
UUAAACAGUUCAAGGCUGCTT-3

siRictor-2:  5'-CUUGUGAAGAAUCGUAUCUUTT-3/, 5'-
AAGAUACGAUUCUUCACAAGTT-3'

Volume 16 Issue 6



A small RNA with a random sequence was used as a negative
control (NC). For transfection, HeLa cells were suspended trans-
fected with Lipofectamine 2000 (Invitrogen, 11668-019),
according to the manufacture’s protocol, 100 pmol siRNA or
miRNA was added to each well of a 6-well plate.

RNA isolation and quantitative RT-PCR

Total RNA was isolated using RNAiso Plus (Takara,
D9108B) according to the manufacturer’s instructions. QRT-
PCRs of mRNAs were performed using a reverse transcription
kit (Takara, D6130) and SYBR Green Real-time PCR Master
Mix (Toyobo, QPK-201). QRT-PCRs of miRNAs were per-
formed according to the manufacturer’s instructions using a
TaqMan® MicroRNA  Reverse Transcription Kit (ABL
4366597) and Real-time PCR Master Mix (Toyobo, QPK-101).
MiRNA probes were purchased from ABIL: has-miR-15a: (ABI,
000390), has-miR-16 (ABI, 000391), RNU6 (ABI, 001093).
MRNA and miRNA expression levels were normalized to
GAPDH and RNUG respectively.

Luciferase activity assay

The 3’ UTRs of RICTOR containing either wild type (WT)
or mutated (MUT) miR-15a or miR-16 binding sites were
inserted into pmirGLO Dual-Luciferase miRNA Target Expres-
sion Vectors (Promega, E1330). For luciferase activity assays,
HelLa cell were co-transfected with WT or MUT UTR luciferase
vectors and miRNAs using lipofectamine 2000 in 24-well plates.
About 30h later, Luciferase activity was measured by Dual-Lucif-
erase Reporter assay system (Promega, E1980) and normalized.
Each experiment was repeated in triplicate.

Western blotting

HeLa cells were lysed with an ice-cold cell extract buffer
(50mM Tris-HCI pH8.0, 4M Urea and 1% Triton X-100), con-
taining a protease inhibitor cocktail (Roche, 04693132001).
Total protein was equalized and separated by SDS-PAGE and
then analyzed by western blotting. Primary antibodies used in
this paper were as follows: SQSTM1 (MBL, PM045), LC3B
(Sigma, L7543), GAPDH (Proteintech, 10494-1-AP), RICTOR

(CST, 2114), phospho-MTOR (Ser2448) (CST, 5536), MTOR
(CST, 2972), RPS6KB2/p70S6K (CST, 2708), phospho-
RPS6KB2/p70S6K (Thr389) (CST, 9205), Cleaved PARP1
(CST, 5625), Cleaved Caspase-3 (CST, 9661). After incubation
with horseradish peroxidase-coupled secondary anti-rabbit anti-
bodies (KPL, 474-1506), protein bands were detected with ECL
blotting detection reagents (KPL, 547100).

GFP-LC3 puncta assay

Hela GFP-LC3 stable cell were tansfected with miRNAs or
anti-miRNAs. Two days after transfection, cells were fixed in 4%
paraformaldehyde. GFP-LC3 puncta formation was determined
by capturing images using an Olympus FV1000 confocal micro-
scope (Olympus, Japan). The average number of GFP-LC3
doted per cell was counted from at least 200 cells.

Flow cytometry analysis for cell cycle and apoptosis

Cell were transfected with miRNA and/or treated with Camp-
tothecin (CPT, KeyGen, KGA 8152) or Hydroxyurea (HU,
Sigma, H8627). For cell cycle distribution assays, the cells were
collected and fixed in 70% ethanol in PBS overnight and
counter-stained with propidium iodide (PI, Sigma, P 4170) and
analyzed for DNA content with a BD Influx™ (BD Biosciences)
flow cytometer. For apoptosis analysis, cells were trypsinized,
washed with PBS 3 times and stained for 15 min in the dark
with PtdIns and Annexin V (BD, 556547) at room temperature.
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