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Matrine is a natural compound extracted from the herb Sophora flavescens

Ait which is widely used in traditional Chinese medicine for treating vari-

ous diseases. Recently, matrine was reported to have antitumor effects

against a variety of cancers without any obvious side effects; however, the

molecular mechanisms of its antiproliferative effects on cancer are unclear.

Here, we report that matrine inhibits autophagy-mediated energy metabo-

lism, which is necessary for pancreatic cancer growth. We found that

matrine significantly reduces pancreatic cancer growth in vitro and in vivo

by insufficiently maintaining mitochondrial metabolic function and energy

level. We also found that either pyruvate or a-ketoglutarate supplementa-

tion markedly rescues pancreatic cancer cell growth following matrine

treatment. Inhibition of mitochondrial energy production results from

matrine-mediated autophagy inhibition by impairing the function of lysoso-

mal protease. Matrine-mediated autophagy inhibition requires stat3 down-

regulation. Furthermore, we found that the antitumor effect of matrine on

pancreatic cancer growth depends on the mutation of the KRAS oncogene.

Together, our data suggest that matrine can suppress the growth of

KRAS-mutant pancreatic cancer by inhibiting autophagy-mediated energy

metabolism.

1. Introduction

Pancreatic cancer is highly lethal with a poor progno-

sis. Pancreatic ductal adenocarcinoma (PDAC) is the

most common malignant pancreatic tumor and is

extremely aggressive with a 5-year survival rate of

only 8.0%.(Siegel et al., 2016) The most effective

treatment for PDAC is surgical resection; however,

because pancreatic cancer is usually not detected

before it has already spread beyond the pancreas,

> 80% of patients cannot be cured with surgery.

(Hidalgo, 2010) Cytotoxic chemotherapies, targeted

agents, and radiotherapy are other options for treat-

ing PDAC; however, PDAC is highly resistant to

these treatments, which explains why these options

are largely ineffective and why PDAC has the lowest

survival rate of any major type of cancer.(Ben-Josef

and Lawrence, 2008) Thus, there is an urgent need

for new therapeutic targets to treat this devastating

disease.

Abbreviations

CQ, chloroquine; HPDE, human pancreatic ductal cells; LC-MS/MS, liquid chromatography–tandem mass spectrometry; PDAC, pancreatic

ductal adenocarcinoma.
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There has been a resurgence of interest over the

past decade in understanding the altered cellular

metabolic pathways in cancer cells and how such

dependencies can be targeted for therapeutic gain.

Alterations in the cellular metabolic pathways in can-

cer are considered a hallmark of the disease.(Hanahan

and Weinberg, 2011) The metabolic requirements and

pathways of cancer cells are considerably different

from those of normal cells because proliferating can-

cer cells must contain increased amounts of basic cel-

lular building blocks, such as carbohydrates and

amino acids, as well as increases in nucleotides and

lipid mass to support their high rates of prolifera-

tion.(Vander Heiden et al., 2009) During the process

of tumorigenesis, genetic and epigenetic alterations

fine-tune cancer cell metabolism to optimize growth

and survival in the tumor microenvironment.(Ward

and Thompson, 2012) Thus, the considerable meta-

bolic differences between cancer cells and normal cells

is a potential target of cancer therapy(Vander Heiden,

2011); however, because normal cells might use the

same metabolic pathways as cancer cells, a successful

therapeutic index remains a major challenge to the

development of effective cancer therapies targeting

their specific metabolic pathways. Therefore, a better

understanding of the adaptive metabolic changes of

cancer cells is required for success in targeting cancer

metabolism.

Autophagy, an evolutionarily conserved mechanism,

is a critical cellular pathway to maintain cellular

homeostasis by degrading unnecessary proteins and

organelles.(Mizushima et al., 2008) This degradation

results in the release of nucleosides, amino acids, pro-

teins, lipids, fatty acids, and sugars into the cell’s

cytoplasm for recycling.(White et al., 2015) Emerging

evidence has exhibited that some cancers have high

basal levels of autophagy or induce autophagy for

survival, suggesting that autophagy plays a role as a

tumor promoter.(Guo et al., 2013; Yang et al., 2011,

2014) One of the mechanisms by which autophagy

promotes cancer is by maintaining the metabolic

functions of mitochondria and energy homeostasis to

meet the metabolic demands of increased cell growth

and proliferation.(Galluzzi et al., 2014) Thus, cancer

cells rely more heavily on autophagy-mediated meta-

bolism than do normal cells, indicating that autop-

hagy inhibition can be a therapeutic target for cancer

therapy.

Matrine is an alkaloid compound that is found in

the herb root Sophora flavescens Ait, a medicinal herb

used in traditional Chinese medicine.(Luo et al., 2007)

It has been reported that matrine has pharmaco-

logical properties against various diseases, such as

anti-inflammatory, antiallergic, antivirus, antifibrotic,

and cardiovascular protective effects.(Li et al., 2009;

Liu et al., 2007; Long et al., 2004; Zhang et al., 2001)

Furthermore, recent evidence has exhibited that

matrine exerts antitumor effects on various tumor

cells, including cervical cancer, leukemia, pancreatic

cancer, gastric cancer, lung cancer, and breast cancer

(Dai et al., 2009; Liu et al., 2010; Yu et al., 2009;

Zhang et al., 2007, 2009, 2012); however, the precise

mechanisms underlying this antitumor activity remain

largely unknown.

In this study, we demonstrated for the first time

inhibitory effect of matrine on cancer metabolism. We

found that matrine inhibits autophagy by impairing

the function of lysosomal protease, leading to a

significant reduction in pancreatic cancer growth and

proliferation by suppressing autophagy-mediated

mitochondrial metabolic demands. Furthermore, we

revealed that stat3 is essential for matrine-mediated

autophagy inhibition and that matrine suppresses the

growth of KRAS-mutant PDAC, but not KRAS-wt

PDAC. Thus, our data suggest that matrine might be

an effective candidate as a therapeutic agent for

KRAS-mutant pancreatic cancer.

2. Results

2.1. Matrine inhibits pancreatic cancer growth

To investigate the effect of matrine on PDAC growth,

PDAC cells were first treated with 1- or 2-mM

matrine. As shown in Fig. 1A, matrine treatment sig-

nificantly decreased PDAC growth in a dose-depen-

dent manner. To further confirm that matrine

reduced PDAC growth, we treated PDAC cells with

matrine and assayed for cell viability. Consistent with

the growth curve, matrine treatment resulted in a pro-

found reduction in the proliferation of PDAC cells

(Fig. 1B). In addition, PDAC cell colony formation

was markedly inhibited in the presence of matrine

(Fig. 1C). We then tested the impact of matrine on

the growth and proliferation of nontransformed

human pancreatic ductal cells (HPDE). Matrine sig-

nificantly affected the growth and proliferation of

HPDE (Fig. S1A,B), suggesting that the antitumor

effect of matrine is not tumor-specific in PDAC. As

further confirmation of the antitumor effect of

matrine on PDAC growth, we assessed its ability to

grow in vivo as a xenograft. As shown in Fig. 1D,

matrine treatment robustly diminished tumor growth

in a dose-dependent manner; therefore, in vitro and

in vivo data indicate that matrine exerts antitumor

activities on pancreatic cancer cells.
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2.2. Matrine suppresses PDAC growth by

depriving tricarboxylic acid cycle substrates

Compared with normal differentiated cells, proliferat-

ing cancer cells need several nutrients, such as nucleo-

tides, amino acids, and lipids, in large amounts to

meet the increased metabolic demands of proliferating

cells.(Lyssiotis et al., 2013) As such, cancer cells are

also much more susceptible than normal cells to an

insufficient supply of cellular building blocks by the

destruction of metabolic pathways. Thus, we first

examined the energy levels in the absence or presence

of matrine. As shown in Fig. 2A, adenosine triphos-

phate (ATP) levels were significantly reduced in the

presence of matrine. Oxygen consumption also de-

creased markedly after matrine treatment (Fig. 2B). We

next investigated the effect of matrine on mitochondrial

metabolism using targeted liquid chromatography–tan-
dem mass spectrometry (LC-MS/MS) metabolomic

analysis to explore the direct effect of matrine on mito-

chondrial ATP production. We found that matrine

treatment led to a significant reduction in the levels of

tricarboxylic acid (TCA) cycle intermediates (Fig. 2C).

To test whether matrine-mediated reduction in PDAC

growth is a result of the insufficient maintenance of

mitochondrial ATP production, we attempted to reverse

this reduction by supplementing the cells with either

pyruvate or a-ketoglutarate. As shown in Fig. 2D,E,

the addition of either pyruvate or a-ketoglutarate mark-

edly rescued PDAC cell growth. We next tested the

effect of matrine on mitochondrial metabolism of

HPDE. In contrast to PDAC, matrine had no signifi-

cant impact on the ATP levels of HPDE (Fig. S1C), and

the addition of a-ketoglutarate did not rescue the

HPDE cell growth (Fig. S1D). Together, these data sug-

gest that matrine inhibits PDAC growth by suppressing

mitochondrial metabolism.

2.3. Matrine accumulates autophagic vacuoles

We next investigated the mechanisms by which matrine

suppresses mitochondrial metabolism. Several studies

have reported that autophagy plays a critical role in

cancer metabolism.(Galluzzi et al., 2014; Goldsmith

et al., 2014; White et al., 2015) In addition, studies have

shown that autophagy is essential for maintaining intra-

cellular glutamine levels, which is a primary carbon

source for the TCA cycle in pancreatic cancer.(Seo

et al., 2016; Ying et al., 2012) Thus, we tested whether

matrine has an effect on the mechanisms that drive

autophagy. Correspondingly, matrine treatment

resulted in a significant increase in LC3-II levels

(Fig. 3A) and robustly increased the number of GFP-

LC3 puncta compared with that in cells cultured under

normal conditions (Fig. 3B). In addition, the number of

autophagic vacuoles increased after matrine treatment

(Fig. 3C). In contrast to PDAC, there was no alteration

in LC3-II levels upon matrine treatment (Fig. S1E),

indicating that matrine suppresses the HPDE growth by

a different mechanism. Together, these data indicate

Fig. 1. Effect of matrine on pancreatic ductal adenocarcinoma (PDAC) growth. (A) PDAC cells were treated with the indicated concentration

of matrine and assayed for cell growth. (B) PDAC cells were treated with 2-mM matrine for 24 h and assayed for cell viability. (C) Colony-

forming assays were performed to assess the ability of matrine to inhibit PDAC growth. Error bars represent the SD of triplicate wells from

a representative experiment. (D) Subcutaneous 8988T-driven tumors were established in severe combined immunodeficiency (SCID) mice.

Matrine (50 mg�kg�1 or 100 mg�kg�1) was administered daily by intraperitoneal injection. Data are shown as the mean of five mice in each

group � SEM.
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that matrine treatment leads to the accumulation of

autophagic vacuoles in PDAC cells.

2.4. Matrine inhibits autophagic degradation by

impairing the function of lysosomal proteases

The accumulation of autophagic vacuoles can result

from either an increase in their formation by inducing

autophagic flux or a decrease in their rate of

degradation by inhibiting the formation of autolyso-

somes.(Amaravadi et al., 2016) To assess the effect of

matrine on autophagic flux, we first measured mRNA

and the protein levels of autophagy core genes after

matrine treatment. As shown in Fig. 4A,B, matrine

treatment had no significant effect on the transcriptional

and translational levels of autophagy core genes, indi-

cating that matrine treatment might impair autophago-

some degradation, which is the later stage in the

autophagic process. To address this issue, PDAC cells

were treated with chloroquine (CQ), an inhibitor of

lysosomal acidification, in the absence or presence of

matrine. CQ’s inhibition of autophagosome degradation

did not further accumulated LC3-II levels under matrine

treatment (Fig. 4C), but the levels of p62 markedly

increased in response to matrine treatment in a dose-

dependent manner (Fig. 4D). Moreover, consistent with

the result of CQ treatment, matrine treatment resulted

in an increase in LysoTracker signal (Fig. 4E), indicat-

ing an aggregation of autophagosomes.

Given that the inhibition of lysosomal proteases has

been causally linked to the impairment of autophago-

some degradation (Fortunato and Kroemer, 2009;

Kaminskyy and Zhivotovsky, 2012) and the inhibition

of cathepsins, well-known lysosomal proteases, and

has been shown to disrupt autophagosome degrada-

tion, (Jung et al., 2015; Wang et al., 2013) we specu-

lated that matrine treatment might inhibit the

activation of cathepsins. Interestingly, pro-forms of

cathepsins B and D, two main cathepsins, dramatically

increased after matrine treatment (Fig. 4F). Consistent

Fig. 2. Matrine reduces levels of tricarboxylic acid (TCA) cycle intermediates. (A) 8988T cells were treated with 2-mM matrine for 24 h and

assayed for intracellular adenosine triphosphate (ATP). (B) Oxygen consumption rates were measured with an extracellular flux analyzer.

8988T cells were treated with 2-mM matrine. Cells were sequentially treated with 2-lM oligomycin, 5-lM FCCP, and 2-lM rotenone. (C) TCA

metabolite pools in 8988T cells treated with 2-mM matrine were analyzed using LC-MS/MS. Error bars represent the SD of three

independently prepared samples. (D and E) 8988T cells were treated with 1-mM matrine in the presence of either 7-mM methyl pyruvate or

7-mM dimethyl a-ketoglutarate and assayed for cell growth (D) and assayed for colony formation (E). Error bars represent the SD of triplicate

wells from a representative experiment. CIT, citrate; AKG, alpha-ketoglutarate; FUM, fumalate; SUC, succinate; MAL, malate; ATP,

adenosine triphosphate. *, P < 0.05; **, P < 0.01.
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with this result, matrine treatment significantly inhibits

the activity of lysosomal protease (Fig. 4G). Together,

these data suggest that matrine disrupts the function

of lysosomal protease by inhibiting the formation of

mature forms of cathepsins.

2.5. Stat3 is required for matrine-mediated

autophagy inhibition

We next explored the mechanism by which matrine

inhibits the formation of mature forms of cathepsins

and found that matrine downregulates the expression

levels of Stat3 (Fig. 5A). We next examined whether

matrine-mediated Stat3 downregulation inhibits the

formation of mature forms of cathepsins. Consistent

with the matrine treatment data, treatment with the

Stat3 inhibitor, stattic, significantly disrupted the for-

mation of mature forms of cathepsins B and D

(Fig. 5B). Stattic treatment also resulted in an increase

in LC3-II levels (Fig. 5C) and significantly decreased

PDAC growth in a dose-dependent manner (Fig. 5D).

To further confirm that Stat3 downregulation is

required for matrine-mediated cell growth reduction,

we attempted to rescue that reduction by overexpress-

ing Stat3. As shown in Fig. 5E, overexpression of

Stat3 significantly rescued PDAC growth. Thus, these

Fig. 3. Effect of matrine on autophagy. (A) PDAC cells were treated with the indicated concentration of matrine for 24 h and

immunoblotted with the indicated antibodies. (B) 8988T cells expressing GFP-LC3 were treated with 2-mM matrine for 24 h and analyzed for

LC3 dots. (C) Autophagic vacuoles in 8988T cells treated with 2-mM matrine for 24 h were analyzed by transmission electron microscopy.

Notes: N, nucleus; L, lipid; A, autophagic vacuoles.
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data demonstrate that downregulating Stat3 can

impair PDAC growth by inhibiting the activation of

cathepsins.

2.6. The inhibitory effect of matrine on PDAC

growth depends on KRAS mutation

Considering the previous studies that showed that the

oncogene KRAS plays a critical role in reprogramming

PDAC metabolism (Son et al., 2013; Ying et al., 2012)

and that KRAS-driven autophagy also plays a key role

in multiple aspects of PDAC metabolism, (Bryant et al.,

2014; Guo et al., 2011; Yang et al., 2011) we speculated

that the matrine-mediated reduction of PDAC growth is

dependent on KRAS mutation. We observed that

matrine treatment had no effect on LC3-II levels in

BXPC3 cells, which harbor a KRAS-wt (Fig. 6A). In

contrast to the matrine results of KRAS-mutant PDAC

Fig. 4. Matrine inhibits the maturation of cathepsins. (A and B) Expression levels of Beclin1, ATG3, ATG5, and ATG7 were determined by

quantitative reverse transcription polymerase chain reaction (qRT-PCR) and western blotting in PDAC cells treated with 2-mM matrine for

24 h. Error bars represent the SD of triplicate wells from a representative experiment. (C) PDAC cells were treated with 2-mM matrine for

24 h in the absence or presence of 10-lM chloroquine (CQ) and immunoblotted with the indicated antibodies. (D) PDAC cells were treated

with the indicated concentration of matrine for 24 h and immunoblotted with p62. (E) LysoTracker staining was performed on PDAC cells

treated with either 10-lM CQ or 2-mM matrine for 24 h. (F) PDAC cells were treated with 2-mM matrine for 24 h and immunoblotted with

the indicated antibodies. (G) 8988T cells were treated with 2-mM matrine for 24 h and assayed for DQ-BSA cleavage activity.
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cells, there was no significant change in ATP levels

(Fig. 6B) and oxygen consumption rate (Fig. 6C) in

BXPC3 cells after matrine treatment. Consistent with

these data, the levels of TCA cycle intermediates were

not significantly altered in BXPC3 after matrine treat-

ment (Fig. 6D). Furthermore, matrine treatment had no

significant effect on colony formation (Fig. 6E) and

growth of KRAS-wt PDAC (Fig. 6F). Together, these

data suggest that KRAS mutation is required for

matrine-mediated PDAC growth inhibition.

3. Discussion

Matrine has been shown to exert antitumor effects on

a variety of cancers, including pancreatic cancer (Dai

et al., 2009; Liu et al., 2010; Yu et al., 2009; Zhang

Fig. 5. Matrine inhibits the maturation of cathepsins by reducing Stat3. (A) PDAC cells were treated with the indicated concentration of

matrine for 24 h and immunoblotted with Stat3. (B and C) PDAC cells were treated with the indicated concentration of stattic for 24 h and

immunoblotted with the indicated antibodies. (D) PDAC cells were treated with the indicated concentration of stattic and assayed for cell

growth. (E) 8988T cells expressing a vector or constitutively active form of Stat3 (Stat3-c) were treated with 1-mM matrine and assayed for

cell growth. Western blotting confirmed the overexpression of Stat3-c. Error bars represent the SD of triplicate wells from a representative

experiment. P < 0.05;**
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et al., 2007, 2009, 2012); however, the precise mecha-

nisms of these antitumor effects, particularly those on

pancreatic cancer, have not been clear. In this study,

we proposed a unique mechanism by which matrine

has an antitumor effect by disrupting the mitochon-

drial metabolic function in cancer cells. We showed

that matrine treatment significantly reduces ATP

levels, the oxygen consumption rate, and the levels

of TCA cycle intermediates and that the addition

of pyruvate or a-ketoglutarate dramatically rescues

PDAC growth after suppression by matrine treatment.

Thus, our data suggest that matrine can be considered

to be a new therapeutic reagent targeting the various

metabolic dependencies of cancer cells.

In PDAC, mutations in the oncogene KRAS are

nearly universal.(Jones et al., 2008) In fact, KRAS

mutation alone is sufficient for tumorigenesis in geneti-

cally engineered mouse models of pancreatic cancer,

(Aguirre et al., 2003; Hingorani et al., 2003) and sev-

eral studies have shown that KRAS must be activated

Fig. 6. Matrine does not inhibit growth of KRAS-wt PDAC. (A) BXPC3 cells were treated with the indicated concentration of matrine for

24 h and immunoblotted with LC3. (B) BXPC3 cells were treated with 2-mM matrine for 24 h and assayed for intracellular ATP. (C) Oxygen

consumption rates were measured using an extracellular flux analyzer. BXPC3 cells were treated with 2-mM matrine. Cells were

sequentially treated with 2-lM oligomycin, 5-lM FCCP, and 2-lM rotenone. (D) TCA metabolite pools in BXPC3 cells treated with 2-mM

matrine were analyzed LC-MS/MS. Error bars represent the SD of three independently prepared samples. (E) Colony-forming assays were

performed to assess the ability of matrine to inhibit BXPC3 growth. (F) BXPC3 cells were treated with the indicated concentration of

matrine and assayed for cell growth. Error bars represent the SD. of triplicate wells from a representative experiment.
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for the survival of PDAC tumors.(Collins et al., 2012;

Son et al., 2013; Ying et al., 2012) Thus, it was

believed that KRAS is an ideal therapeutic target;

however, the biochemical properties of this gene make

it pharmacologically difficult to inhibit, and attempts

to block essential post-translational modifications of

KRAS have failed clinically.(Van Cutsem et al., 2004)

Therefore, alternative therapeutic strategies targeting

the downstream pathways of the functions mediated

by KRAS are critically needed. In our study, we found

that matrine selectively suppresses the growth of

KRAS-mutant PDAC, but not KRAS-wt PDAC by

inhibiting autophagic flux. KRAS upregulates

autophagy in PDAC to support cell proliferation and

survival by maintaining energy homeostasis(Guo et al.,

2011; Yang et al., 2011) and is elevated in PDAC even

under nutrient-replete conditions for macropinocy-

tosis-mediated glutamine supply to maintain an

abundant supply of substrates for mitochondrial

metabolism.(Seo et al., 2016) Thus, the antitumor

effect of matrine on KRAS-mutant PDAC is consid-

ered to be the mechanism by which matrine inhibits

autophagic flux.

Previous studies have suggested the presence of ele-

vated LC3-II levels and the accumulation of

autophagosomes in cancer cells in response to matrine

treatment. Based on these observations, matrine has

been reported to be an autophagy inducer in cancer

cells, particularly pancreatic cancer cells(Liu et al.,

2010; Zhang et al., 2010, 2011); however, recent stud-

ies have demonstrated that matrine disrupts autopha-

gic flux by deacidifying lysosomes (Qiu et al., 2014) or

by inhibiting the function of lysosomal protease.(Wang

et al., 2013; Wu et al., 2017) These contrary observa-

tions could be a result of either condition-specific

effects or an incorrect assessment of autophagic flux.

In fact, the increased LC3-II levels or accumulation of

autophagic vacuoles are not enough evidence to indi-

cate autophagic flux induction because they can be a

result of an increase in their formation either from this

induction or from the inhibition of autophagic degra-

dation. In this regard, we demonstrated that matrine

has no significant effect on the expression levels of

autophagy core genes and that increased LC3-II levels

after matrine treatment were not further increased by

CQ treatment. In addition, we found that matrine

inhibits lysosomal proteases by disrupting the forma-

tion of mature forms of cathepsins. Thus, our data

suggest that elevated LC3-II levels and the accumula-

tion of autophagosomes result from the inhibition of

autophagic degradation rather than from the induction

of autophagic flux, which indicates that matrine inhi-

bits autophagic flux.

Matrine exhibits pharmacological properties against

various diseases, such as anti-inflammatory, antialler-

gic, antivirus, antifibrotic, and cardiovascular protec-

tive effects. In addition, it exerts antitumor activities

on several tumor cells by different modes of regula-

tion. In other words, matrine influences other signaling

pathways, which could account for the suppression of

the HPDE growth. Our study illustrated that matrine

suppresses the PDAC growth by inhibiting autophagy,

thereby suggesting that autophagy inhibition could

be an ideal therapeutic target for pancreatic cancer

therapy.

In summary, we demonstrated that matrine sup-

presses PDAC growth by disrupting its mitochondrial

metabolic function. Mechanistically, matrine treatment

resulted in the inhibition of autophagy, which is an

important mechanism by which the TCA cycle is

fueled, by impairing the function of lysosomal pro-

tease. Stat3 plays an essential role in the matrine-

mediated inhibition of cathepsin maturation. In addi-

tion, we found that matrine impairs the growth of

KRAS-mutant PDAC, but not KRAS-wt PDAC;

therefore, these observations indicate that matrine can

be an appropriate therapeutic reagent for KRAS-dri-

ven cancers with high basal levels of autophagy.

4. Materials and methods

4.1. Cell culture and reagents

All human pancreatic cancer cell lines were acquired

from the American Type Culture Collection and were

tested regularly for mycoplasma contamination. All

cells were maintained at 37 °C in humidified air with

5% CO2 and in Dulbecco’s modified Eagle’s medium

(DMEM; Thermo Scientific, Waltham, MA, USA)

supplemented with 10% fetal bovine serum (FBS),

100 U�mL�1 penicillin, and 100 lg�mL�1 streptomycin

(Thermo Scientific, USA).

4.2. Cell proliferation assay

Cells were plated in 24-well plates (density: 2000 cells/

well). At the indicated time intervals, cells were fixed

in 10% formalin and stained with 0.1% crystal violet.

The dye was extracted with 10% acetic acid, and rela-

tive proliferation was determined according to the

optical density at 595 nm.

4.3. Clonogenic assay

Cells were plated in 6-well plates at 300 cells per well

in 2 mL of media. The medium was not changed
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throughout the course of the experiment. After 10–
12 days, the cell colonies were fixed in 80% methanol

and stained with 0.2% crystal violet.

4.4. Reagents and antibodies

Matrine (M2120) was purchased from Tokyo Chemi-

cal Industry (Tokyo, Japan), and methyl pyruvate

(371173), dimethyl a-KG (349631), and CQ (C6628)

were purchased from Sigma-Aldrich (St Louis, MO,

USA). Stattic (S7024) was obtained from Selleckchem

(Houston, TX, USA). Antibodies to ATG3 (3415),

ATG5 (2630), ATG7 (8558), P-Stat3 (9131), and LC3

(2775) were purchased from Cell Signaling Technology

(Beverly, MA, USA); antibodies to b-actin (sc-47778),

BECN1 (sc-11427), cathepsin D (sc-6486), and T-Stat3

(sc-8019) were obtained from Santa Cruz Biotechnol-

ogy (Dallas, TX, USA); antibody to cathepsin B

(ab125067) was purchased from Abcam (Cambridge,

MA, USA).

4.5. Oxygen consumption rate

The oxygen consumption rate (OCR) was measured

using an XF24 extracellular flux analyzer (Seahorse

Bioscience, North Billerica, MA, USA). Briefly, cells

were seeded in a 24-well Seahorse plate and cultured

at 37 °C with 5% CO2; the medium was replaced the

following day with unbuffered DMEM, and the cells

were incubated at 37 °C without CO2 for 1 h. For

measuring OCR, oligomycin, carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP), and rote-

none were added to reach final concentrations of

2 lM, 5 lM, and 2 lM, respectively.

4.6. Metabolomics

Targeted LC-MS/MS metabolomic analysis was per-

formed as previously described.(Seo et al., 2016)

Briefly, the cells were grown to ~ 60% confluence in

growth media on 10-cm dishes. After 24 h of matrine

treatment, the cells were washed several times with

phosphate buffered saline and water, harvested using

1.4 mL cold methanol/H2O (80/20, v/v), and then

lysed by shaking vigorously, after which 100 lL of

5-lM internal standard was added. Metabolites were

liquid–liquid extracted from the aqueous phase after

adding chloroform. The aqueous phase was dried

using vacuum centrifugation, and the sample was

reconstituted with 50 lL 50% methanol before LC-

MS/MS analysis.

4.7. Quantitative reverse transcription

polymerase chain reaction

Total RNA was extracted using TRIzol (QIAGEN,

Hilden Germany). cDNA was synthesized from 2 lg
total RNA using oligo-dT and MMLV HP reverse

transcriptase (Epicentre, Madison, WI, USA) accord-

ing to the manufacturer’s instruction. Quantitative

reverse transcription polymerase chain reaction (qRT-

PCR) was performed on an AriaMax Real-Time

PCR instrument (Agilent Technologies, Santa Clara,

CA, USA) using the SYBR detection protocol.

The relative amount of cDNA was calculated using

the comparative Ct method with the 18S ribosomal

RNA sequences as a control. PCRs were performed in

triplicate.

4.8. Quantitation of intracellular ATP

Intracellular ATP concentrations were measured using

an ATP Colorimetric/Fluorometric Assay Kit (Biovi-

sion Incorporated, Milpitas, CA, USA) according to

the manufacturer’s instructions. Briefly, cells were

lysed in 100 lL ATP assay buffer; 50 lL of the super-

natant was collected and added to a 96-well plate. To

each well, 50 lL ATP assay buffer containing an ATP

probe, ATP converter, and developer was added.

Absorbance was measured at 570 nm.

4.9. Transmission electron microscopy

Cells were harvested by centrifugation, and the cell

pellet was fixed by 2.5% glutaraldehyde and 2%

paraformaldehyde in sodium cacodylate buffer (pH

7.2) at 4 °C. The fixed specimen was then postfixed

in 1% osmium tetraoxide (OsO4) containing 1.5%

potassium ferrocyanide for 30 min at 4 °C. The fixed

specimen was dehydrated using an ethanol series of

50%, 60%, 70%, 80%, 90%, 100%, and 100% for

20 min in each. The specimen was subsequently

transferred to Spurr’s medium (Electron Microscopy

Science, Hatfield, PA, USA). After impregnating the

specimen with the pure resin, the tissue specimens

were embedded in the same resin mixture, and sam-

ples were sectioned (60–70 nm) using an ultramicro-

tome (Leica UltracutUCT GmbH, Austria) and

double-stained first with 2% uranyl acetate for

20 min and then with lead citrate for 10 min. The

sections were then observed under the Hitachi

H7600 transmission electron microscope (Japan) at

80 kV.
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4.10. LysoTracker staining

For LysoTracker staining, PDAC cells were plated in

a 35-mm confocal dish, which was treated with either

10 lm CQ or 2-mM matrine the following day and

then incubated for another 24 h. The cells were

then stained with 50-nM LysoTracker Red DND-99

(Thermo Scientific, Waltham, MA, USA) for 2 h at

37 °C. The images were captured using an LSM780

confocal fluorescent microscope (ZEISS).

4.11. DQ-BSA assay

Activities of lysosomal protease were measured using

DQTM Red BSA D12051 (Thermo Scientific, Waltham,

MA, USA). Cells were incubated with 10 lg�mL�1

DQTM Red BSA for 3 h at 37 °C prior to treatment

with matrine (2 mM) and then washed with PBS for

three times. The fluorescence intensity of the lysates

was quantified using a VICTOR X3 2030 plate reader

(Perkin Elmer, Waltham, MA, USA).

4.12. Xenograft studies

Female severe combined immunodeficiency mice were

purchased from Charles River Laboratories. All exper-

imental procedures were approved by the Institutional

Animal Care and Use Committee of Asan Institute for

Life Sciences (protocol 2017-02-069). Each mouse

received an injection of 2 9 106 cancer cells mixed

with Matrigel (BD Biosciences, San Jose, CA, USA)

into its flank. Five mice per group were treated when

the tumor volumes reached 50–100 mm3. Matrine

(50 mg�kg�1 or 100 mg�kg�1) was injected intratu-

morally into 8988T-bearing mice once/day for 2 weeks.

The length (L) and width (W) of each tumor were

measured using calipers, and the tumor volume (TV)

was calculated as TV = (L 9 W2)/2.

4.13. Statistics

Data are presented as the mean � standard deviation.

All comparisons were analyzed using the unpaired Stu-

dent’s t-test.

Acknowledgments

This study was supported by a grant from the

National R&D Program for Cancer Control, Ministry

of Health & Welfare, Republic of Korea (1520050).

We thank the Electron Microscopy core facility, Meta-

bolomics Core, and the Laboratory of Animal

Research at the ConveRgence mEDIcine research

center (CREDIT) and Asan Medical Center for sup-

port and instrumentation.

Author contributions

YC, JHL, and JS designed the study, interpreted the

data, and wrote the manuscript. JHK, SL, SY, MJ,

and SJK performed the experiments. HJY, CP, and

JKR assisted in data interpretation.

References

Aguirre AJ, Bardeesy N, Sinha M, Lopez L, Tuveson DA,

Horner J, Redston MS and DePinho RA (2003)

Activated Kras and Ink4a/Arf deficiency cooperate to

produce metastatic pancreatic ductal adenocarcinoma.

Genes Dev 17, 3112–3126.
Amaravadi R, Kimmelman AC and White E (2016) Recent

insights into the function of autophagy in cancer.

Genes Dev 30, 1913–1930.
Ben-Josef E and Lawrence TS (2008) Chemoradiotherapy

for unresectable pancreatic cancer. Int J Clin Oncol 13,

121–126.
Bryant KL, Mancias JD, Kimmelman AC and Der CJ

(2014) KRAS: feeding pancreatic cancer proliferation.

Trends Biochem Sci 39, 91–100.
Collins MA, Bednar F, Zhang Y, Brisset JC, Galban S,

Galban CJ, Rakshit S, Flannagan KS, Adsay NV and

Pasca di Magliano M (2012) Oncogenic Kras is

required for both the initiation and maintenance of

pancreatic cancer in mice. J Clin Invest 122, 639–653.
Dai ZJ, Gao J, Ji ZZ, Wang XJ, Ren HT, Liu XX, Wu

WY, Kang HF and Guan HT (2009) Matrine induces

apoptosis in gastric carcinoma cells via alteration of

Fas/FasL and activation of caspase-3. J

Ethnopharmacol 123, 91–96.
Fortunato F and Kroemer G (2009) Impaired

autophagosome-lysosome fusion in the pathogenesis of

pancreatitis. Autophagy 5, 850–853.
Galluzzi L, Pietrocola F, Levine B and Kroemer G (2014)

Metabolic control of autophagy. Cell 159, 1263–1276.
Goldsmith J, Levine B and Debnath J (2014) Autophagy

and cancer metabolism. Methods Enzymol 542, 25–57.
Guo JY, Chen HY, Mathew R, Fan J, Strohecker AM,

Karsli-Uzunbas G, Kamphorst JJ, Chen G, Lemons

JM, Karantza V et al. (2011) Activated Ras requires

autophagy to maintain oxidative metabolism and

tumorigenesis. Genes Dev 25, 460–470.
Guo JY, Karsli-Uzunbas G, Mathew R, Aisner SC,

Kamphorst JJ, Strohecker AM, Chen G, Price S, Lu

W, Teng X et al. (2013) Autophagy suppresses

progression of K-ras-induced lung tumors to

oncocytomas and maintains lipid homeostasis. Genes

Dev 27, 1447–1461.

1213Molecular Oncology 12 (2018) 1203–1215 ª 2018 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

Y. Cho et al. Matrine suppresses autophagy-mediated metabolism



Hanahan D and Weinberg RA (2011) Hallmarks of cancer:

the next generation. Cell 144, 646–674.
Hidalgo M (2010) Pancreatic cancer. N Engl J Med 362,

1605–1617.
Hingorani SR, Petricoin EF, Maitra A, Rajapakse V, King

C, Jacobetz MA, Ross S, Conrads TP, Veenstra TD,

Hitt BA et al. (2003) Preinvasive and invasive ductal

pancreatic cancer and its early detection in the mouse.

Cancer Cell 4, 437–450.
Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ,

Angenendt P, Mankoo P, Carter H, Kamiyama H,

Jimeno A et al. (2008) Core signaling pathways in

human pancreatic cancers revealed by global genomic

analyses. Science 321, 1801–1806.
Jung M, Lee J, Seo HY, Lim JS and Kim EK (2015)

Cathepsin inhibition-induced lysosomal dysfunction

enhances pancreatic beta-cell apoptosis in high glucose.

PLoS ONE 10, e0116972.

Kaminskyy V and Zhivotovsky B (2012) Proteases in

autophagy. Biochim Biophys Acta 1824, 44–50.
Li X, Chu W, Liu J, Xue X, Lu Y, Shan H and Yang B

(2009) Antiarrhythmic properties of long-term

treatment with matrine in arrhythmic rat induced by

coronary ligation. Biol Pharm Bull 32, 1521–1526.
Liu JY, Hu JH, Zhu QG, Li FQ, Wang J and Sun HJ

(2007) Effect of matrine on the expression of substance

P receptor and inflammatory cytokines production in

human skin keratinocytes and fibroblasts. Int

Immunopharmacol 7, 816–823.
Liu T, Song Y, Chen H, Pan S and Sun X (2010) Matrine

inhibits proliferation and induces apoptosis of

pancreatic cancer cells in vitro and in vivo. Biol Pharm

Bull 33, 1740–1745.
Long Y, Lin XT, Zeng KL and Zhang L (2004) Efficacy of

intramuscular matrine in the treatment of chronic

hepatitis B. Hepatobiliary Pancreat Dis Int 3, 69–72.
Luo C, Zhu Y, Jiang T, Lu X, Zhang W, Jing Q, Li J,

Pang L, Chen K, Qiu F et al. (2007) Matrine induced

gastric cancer MKN45 cells apoptosis via increasing

pro-apoptotic molecules of Bcl-2 family. Toxicology

229, 245–252.
Lyssiotis CA, Son J, Cantley LC and Kimmelman AC

(2013) Pancreatic cancers rely on a novel glutamine

metabolism pathway to maintain redox balance. Cell

Cycle 12, 1987–1988.
Mizushima N, Levine B, Cuervo AM and Klionsky DJ

(2008) Autophagy fights disease through cellular self-

digestion. Nature 451, 1069–1075.
Qiu W, Su M, Xie F, Ai J, Ren Y, Zhang J, Guan R, He

W, Gong Y and Guo Y (2014) Tetrandrine blocks

autophagic flux and induces apoptosis via energetic

impairment in cancer cells. Cell Death Dis 5, e1123.

Seo JW, Choi J, Lee SY, Sung S, Yoo HJ, Kang MJ,

Cheong H and Son J (2016) Autophagy is required for

PDAC glutamine metabolism. Sci Rep 6, 37594.

Siegel RL, Miller KD and Jemal A (2016) Cancer statistics,

2016. CA Cancer J Clin 66, 7–30.
Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M,

Perera RM, Ferrone CR, Mullarky E, Shyh-Chang N

et al. (2013) Glutamine supports pancreatic cancer

growth through a KRAS-regulated metabolic pathway.

Nature 496, 101–105.
Van Cutsem E, van de Velde H, Karasek P, Oettle H,

Vervenne WL, Szawlowski A, Schoffski P, Post S,

Verslype C, Neumann H et al. (2004) Phase III trial of

gemcitabine plus tipifarnib compared with gemcitabine

plus placebo in advanced pancreatic cancer. J Clin

Oncol 22, 1430–1438.
Vander Heiden MG (2011) Targeting cancer metabolism: a

therapeutic window opens. Nat Rev Drug Discov 10,

671–684.
Vander Heiden MG, Cantley LC and Thompson CB (2009)

Understanding the Warburg effect: the metabolic

requirements of cell proliferation. Science 324,

1029–1033.
Wang Z, Zhang J, Wang Y, Xing R, Yi C, Zhu H, Chen

X, Guo J, Guo W, Li W et al. (2013) Matrine, a novel

autophagy inhibitor, blocks trafficking and the

proteolytic activation of lysosomal proteases.

Carcinogenesis 34, 128–138.
Ward PS and Thompson CB (2012) Metabolic

reprogramming: a cancer hallmark even warburg did

not anticipate. Cancer Cell 21, 297–308.
White E, Mehnert JM and Chan CS (2015) Autophagy,

metabolism, and cancer. Clin Cancer Res 21,

5037–5046.
Wu MY, Wang SF, Cai CZ, Tan JQ, Li M, Lu JJ, Chen

XP, Wang YT, Zheng W and Lu JH (2017) Natural

autophagy blockers, dauricine (DAC) and daurisoline

(DAS), sensitize cancer cells to camptothecin-induced

toxicity. Oncotarget 8, 77673–77684.
Yang A, Rajeshkumar NV, Wang X, Yabuuchi S,

Alexander BM, Chu GC, Von Hoff DD, Maitra A

and Kimmelman AC (2014) Autophagy is critical

for pancreatic tumor growth and progression in

tumors with p53 alterations. Cancer Discov 4,

905–913.
Yang S, Wang X, Contino G, Liesa M, Sahin E, Ying H,

Bause A, Li Y, Stommel JM, Dell’antonio G et al.

(2011) Pancreatic cancers require autophagy for tumor

growth. Genes Dev 25, 717–729.
Ying H, Kimmelman AC, Lyssiotis CA, Hua S, Chu GC,

Fletcher-Sananikone E, Locasale JW, Son J, Zhang H,

Coloff JL et al. (2012) Oncogenic Kras maintains

pancreatic tumors through regulation of anabolic

glucose metabolism. Cell 149, 656–670.
Yu P, Liu Q, Liu K, Yagasaki K, Wu E and Zhang G

(2009) Matrine suppresses breast cancer cell

proliferation and invasion via VEGF-Akt-NF-kappaB

signaling. Cytotechnology 59, 219–229.

1214 Molecular Oncology 12 (2018) 1203–1215 ª 2018 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

Matrine suppresses autophagy-mediated metabolism Y. Cho et al.



Zhang J, Li Y, Chen X, Liu T, Chen Y, He W, Zhang Q

and Liu S (2011) Autophagy is involved in anticancer

effects of matrine on SGC-7901 human gastric cancer

cells. Oncol Rep 26, 115–124.
Zhang JQ, Li YM, Liu T, He WT, Chen YT, Chen XH, Li

X, Zhou WC, Yi JF and Ren ZJ (2010) Antitumor

effect of matrine in human hepatoma G2 cells by

inducing apoptosis and autophagy. World J

Gastroenterol 16, 4281–4290.
Zhang L, Wang T, Wen X, Wei Y, Peng X, Li H and Wei

L (2007) Effect of matrine on HeLa cell adhesion and

migration. Eur J Pharmacol 563, 69–76.
Zhang Y, Zhang H, Yu P, Liu Q, Liu K, Duan H, Luan

G, Yagasaki K and Zhang G (2009) Effects of matrine

against the growth of human lung cancer and

hepatoma cells as well as lung cancer cell migration.

Cytotechnology 59, 191–200.

Zhang JP, Zhang M, Zhou JP, Liu FT, Zhou B, Xie WF

and Guo C (2001) Antifibrotic effects of matrine on

in vitro and in vivo models of liver fibrosis in rats. Acta

Pharmacol Sin 22, 183–186.
Zhang S, Zhang Y, Zhuang Y, Wang J, Ye J, Zhang S,

Wu J, Yu K and Han Y (2012) Matrine induces

apoptosis in human acute myeloid leukemia cells via

the mitochondrial pathway and Akt inactivation. PLoS

ONE 7, e46853.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Effect of matrine on non-transformed human

pancreatic ductal cells (HPDE) growth.

1215Molecular Oncology 12 (2018) 1203–1215 ª 2018 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

Y. Cho et al. Matrine suppresses autophagy-mediated metabolism


	Outline placeholder
	a1
	a2
	a3
	a4
	a5
	fig1
	fig2
	fig3
	fig4
	fig5
	fig6
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33
	bib34
	bib35
	bib36
	bib37
	bib38
	bib39
	bib40
	bib41
	bib42
	bib43
	bib44
	bib45


