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ABSTRACT
Dopamine agonists such as bromocriptine and cabergoline have been successfully used in the
treatment of pituitary prolactinomas and other neuroendocrine tumors. However, their therapeutic
mechanisms are not fully understood. In this study we demonstrated that DRD5 (dopamine receptor
D5) agonists were potent inhibitors of pituitary tumor growth. We further found that DRD5
activation increased production of reactive oxygen species (ROS), inhibited the MTOR pathway,
induced macroautophagy/autophagy, and led to autophagic cell death (ACD) in vitro and in vivo. In
addition, DRD5 protein was highly expressed in the majority of human pituitary adenomas, and
treatment of different human pituitary tumor cell cultures with the DRD5 agonist SKF83959 resulted
in growth suppression, and the efficacy was correlated with the expression levels of DRD5 in the
tumors. Furthermore, we found that DRD5 was expressed in other human cancer cells such as
glioblastomas, colon cancer, and gastric cancer. DRD5 activation in these cell lines suppressed their
growth, inhibited MTOR activity, and induced autophagy. Finally, in vivo SKF83959 also inhibited
human gastric cancer cell growth in nude mice. Our studies revealed novel mechanisms for the
tumor suppressive effects of DRD5 agonists, and suggested a potential use of DRD5 agonists as a
novel therapeutic approach in the treatment of different human tumors and cancers.
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Introduction

Dopaminergic pathways are involved in many neurological and
other physiological processes, and dopamine agonists (DAs)
have been widely used clinically in the treatment of prolatino-
mas, Parkinson disease and other neuropsychonic disorders.1

The functions of DAs are mediated by dopamine receptors
(DRs). There are 5 different DR subtypes, named DRD1 to
DRD5, which can be divided into 2 groups, D1-like receptors
(including DRD1 and DRD5) and D2-like receptors (DRD2,
DRD3, and DRD4).2 Although both groups are G protein-cou-
pled receptors and activated by dopamine, they have different
signaling pathways: D1-like receptors are coupled with GNAS/
Gsa, which activate ADCY (adenylate cyclase) and lead to the
increase of intracellular levels of cyclic adenosine monophos-
phate (cAMP);3 whereas D2-like receptors are coupled with
GNAI/Gia, which inhibit ADCY activity and cAMP
production.2

DAs, such as bromocriptine (BRC) and cabergoline
(CAB), have been used successfully in the treatment of
prolactinomas, by suppressing prolactin secretion as well

as shrinking the tumors.4-6 Previous studies on the tumor
shrinkage by DAs have mainly been focused on DRD2
activation. For example, it has been shown that BRC and
CAB can activate the short form of DRD2 and induce apo-
ptosis.7,8 In the rat pituitary somatolactotroph cell line
GH3, induction of DRD2 expression by epigenetic modifi-
cation can result in CASP3/caspase-3 activation and
apoptosis.9

Previously, we have found that CAB-induced cell death in rat
pituitary cells was only partially blocked by DRD2 antagonist,
suggesting other DRs may also be involved in mediating the
growth suppressive function by DAs.10 It is less clear as to the
involvement of D1-like receptors in the antitumor effects of
DAs, especially for DRD5. Although it is well known that DRD5
is involved in diversified physiological and pathological pro-
cesses, its tumor suppressive function has not been reported. In
this study, we report that DRD5 mediates tumor growth sup-
pression by activation of autophagy, leading to autophagic cell
death (ACD) in pituitary tumors as well as in other human can-
cer cells.
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Results

DRD5 is involved in CAB-mediated suppression
of pituitary tumor cell growth

We have previously shown that in mouse pituitary tumor
cell lines MMQ and GH3, CAB treatment decreases cell via-
bility in a dose-dependent manner.10 To determine which
specific DR is involved in the suppression of tumor cell
growth, we used quinpirole, which mainly activates DRD2,
and SKF83959, which activates DRD5, to investigate their
effects on tumor cell growth. As shown in Fig. 1A, 48-h

treatment with CAB at 50 mM significantly reduced MMQ
cell viability by approximately 50%; and 100 mM of CAB
treatment further reduced the viable cell count by 80%.
When MMQ cells were treated with the DRD2-specific ago-
nist quinpirole for 48 h, we observed a slight decrease in
cell viability by approximately 20% to 25%; and this
decrease was not affected by increasing quinpirole concen-
tration from 1 mM to 100 mM (Fig. 1B). Treatment with
the DRD5 agonist SKF83959 at 5 mM and 25 mM for 48 h
decreased MMQ cell viability by approximately 35% and
56%, respectively (Fig. 1C). In another mouse pituitary

Figure 1. Dopamine 5 receptor is involved in CAB-mediated suppression of pituitary tumor cell growth. (A) Cell viability upon CAB treatment in MMQ cells. At 50 mM and
100 mM, 48-h CAB treatment reduced the viable cell count by 41.3% (p < 0.01) and 81.9% (p < 0.001), respectively. (B) DRD2-specific agonist quinpirole treatment at
48 h slightly reduced MMQ cell viability by 20% to 25% (p < 0.001). (C) DRD5 agonist SKF83959 treatment at 5, 25, and 50 mM reduced MMQ cell viability by 35%, 44%,
and 56%, respectively (p < 0.001). (D) Cell viability upon CAB treatment in GH3 cells. At 50 mM and 100 mM, 48-h CAB treatment reduced the viable cell count by 35%
(p < 0.05) and 58% (p < 0.01), respectively. (E) DRD2 agonist quinpirole treatment at 48 h had no effect on GH3 cell viability. (F) DRD5 agonist SKF83959 treatment at 5,
25, and 50 mM reduced GH3 cell viability by 19%, 26%, and 58%, respectively (p < 0.001). (G) DRD2 and DRD5 protein expression in MMQ and GH3 cells by western blot-
ting. (H) Drd2 and Drd5 mRNA expression in MMQ and GH3 cells by qRT-PCR. (I) Western blotting showing DRD5 knockdown (KD) in GH3 cells by RNAi. (J) Drd5 KD in GH3
cells abolished CAB-induced growth suppression. At 12 h and 24 h of CAB treatment, Drd5 KD completely blocked growth suppression by CAB. At 48 h of CAB treatment,
Drd5 KD reversed CAB-induced growth suppression by doubling the cell viability count. (K) Nonspecific RNAi had no effect on CAB-induced growth suppression in GH3
cells. NC, nonspecific negative control siRNA; Ctrl, control. ��, p < 0.01; ���, p < 0.001.
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tumor cell line, GH3, 48-h treatment with CAB at 100 mM
significantly reduced cell viability by approximately 58%
(Fig. 1D). However, treatment of GH3 cells with DRD2
agonist quinpirole had no effect on GH3 cell viability
(Fig. 1E). In contrast, treatment of GH3 cells with the
DRD5 agonist SKF83959 resulted in a dose-dependent
decrease in cell viability (Fig. 1F).

Western blotting revealed the variant expression levels of
DRs in these cell lines (Fig. S1A-B). We found that DRD2 was
highly expressed in MMQ cells; but there was almost no
expression in GH3 cells (Fig. 1G, 1H). In contrast, the expres-
sion level of DRD5 was much higher in GH3 cells than that in
MMQ cells (Fig. 1G, 1H). Next, we used RNAi to decrease
DRD5 expression in GH3 cells and tested its suppressive effect
on cell growth by CAB. As shown in Fig. 1I, RNAi resulted in a
decrease in DRD5 protein expression by approximately 43%.
Consequently, DRD5 knockdown significantly reversed the
suppression of GH3 cell growth by CAB (Fig. 1J), but nonspe-
cific negative control siRNA had no effect on CAB-mediated
growth suppression of GH3 cells (Fig. 1K).

Taken together, these data indicate that DRD5 is involved in
CAB-mediated cell growth suppression.

Suppression of pituitary tumor cell growth by DRD5
activation in vitro and in vivo

Next we investigated whether DRD5 directly contributes to the
suppression of tumor cell growth. We chose the GH3 cell line
for this and the following parts of our study because it expresses
a high level of DRD5 but virtually no DRD2 and very low
DRD1 (Fig. S1A-B); and knockdown of DRD1 in GH3 cells did
not affect cell viability upon SKF83959 treatment (Fig. S1C).
Therefore, the growth-suppressive function of SKF83959 in
GH3 cells was mainly attributed to specific activation of DRD5.
Flow cytometry revealed that treatment with the DRD5 agonist
SKF83959 induced apoptosis in GH3 cells in a dose-dependent
manner (Fig. 2A, left). In addition, the increased CASP3 and
CASP7 activities as well as cleaved (c-)CASP3 and CASP8 were
observed in GH3 cells upon SKF83959 treatment (Fig. 2A, mid-
dle and right). In colony formation assays, treatment with the
CAB or DRD5 agonist SKF83959 dramatically decreased the
numbers of colonies in GH3 cells by approximately 60%
(Fig. 2B). Moreover, we documented that the SKF83959-
induced decrease in cell viability could be reversed by knock-
down of DRD5 expression in GH3 cells (Fig. 2C). Knockdown
of DRD5 could also reduce the SKF83959-induced expression
of c-CASP3 and c-CASP8 protein (Fig. 2D).

More significantly, we also examined the in vivo tumor sup-
pression by the DRD5 agonist SKF83959. GH3 cells were
injected subcutaneously into nude mice, and 5 d after the
tumor appearance, the mice were injected with saline for con-
trol or SKF83959. A dramatic difference in tumor size was
observed between the control group and SKF83959-treatment
group after drug administration for 3 d (Fig. 2E). At d 11 after
drug administration, the animals were killed and tumors iso-
lated and weighed, showing that the tumors from the
SKF83959-treated group were significantly smaller in size
(87 § 33.3 mm3 vs. 669.4 § 191.9 mm3, p D 0.017) and in
tumor/nude mice weight (8 § 2.5mg/g vs. 46 § 13.1mg/g, p <

0.05) than those from the control group (Fig. 2F, 2G, Table S1).
Therefore, our data indicate that activation of DRD5 may play
a major role in the suppression of tumor cell growth in vitro
and in vivo.

Inhibition of the MTOR pathway by DRD5

The AKT-MTOR pathway participates in many cellular and
physiological functions, including the pathogenesis of human
pituitary tumors.11-13 We have previously reported that CAB
suppressed MTOR functions in MMQ and GH3 cells.10 Here
we determined whether activation of DRD5 could affect the
MTOR pathway. Western blotting showed that in GH3 cells,
treatment with the DRD5 agonist SKF83959 reduced the pro-
tein levels of phosphorylated AKT (p-AKT), phosphorylated
MTOR (p-MTOR) and one of its downstream targets,
p-EIF4EBP1 (phosphorylated eukaryotic translation initiation
factor 4E binding protein 1), indicating that activation of
DRD5 inhibited the MTOR pathway (Fig. 3A, 3B). In contrast,
we did not observe the decreases in p-MTOR and p-EIF4EBP1
in GH3 cell treated with the DRD2 agonist quinpirole
(Fig. 3C). Furthermore, knockdown of DRD5 by RNAi in GH3
cells partially reversed the decrease in p-MTOR and
p-EIF4EBP1 protein levels (Fig. 3D), and overexpression of
DRD5 further enhanced SKF83959-induced p-MTOR and
p-EIF4EBP1 reduction (Fig. 3E), suggesting that DRD5 is spe-
cifically involved in suppression of MTOR functions.

DRD5 inhibits SOD1 activity and induces ROS production

Next, we investigated the molecular mechanisms underlying
how SKF83959 inhibited the AKT-MTOR pathway. It has been
reported that reactive oxygen species (ROS) increase can inhibit
AKT-MTOR signaling pathways and may play important roles
in cell death.14,15,16 ROS are chemically reactive molecules con-
taining oxygen, such as peroxides, superoxide, hydroxyl radi-
cals, and single oxygen, among which O2- is the major ROS
signal for autophagy and apoptosis.17,18 SOD1 (superoxide dis-
mutase 1) converts O2- into H2O2, which is further detoxified
into H2O and O2 by CAT (catalase) or peroxidases.17,19

We found that SKF83959 inhibited SOD1 but not SOD2
expression, and decreased the SOD activity in GH3 cells in
vitro (Fig. 4A). Furthermore, in the xenograft tumors of
GH3 cells, we documented that SKF83959 also inhibited
SOD1 expression and SOD activity in vivo (Fig. 4B).
Accordingly, we observed that treatment of GH3 cells with
CAB or the DRD5 agonist SKF83959 increased the ROS
content in cells, and this ROS increase was inhibited by
N-acetylcysteine (NAC), a ROS inhibitor (Fig. 4C, 4D, and
Fig. S2A, S2B). Western blotting revealed that CAB or
SKF83959 inhibited the expression of p-AKT and p-MTOR
in GH3 cells in vitro. NAC abolished the decrease in the
protein levels of p-AKT, p-MTOR and p-EIF4EBP1 induced
by CAB or SKF83959 (Fig. 4E, 4F). Similarly, xenograft
tumors from the SKF83959-treated group expressed lower
levels of p-AKT and p-MTOR compared with tumors from
the control group (Fig. 4G). To explore the potential
involvement of ROS in DRD5-mediated growth suppression,
we used NAC in the cell viability assays. As shown in
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Fig. 4H and 4I, NAC significantly increased cell viability in
GH3 cells treated with CAB or SKF83959. For example, at
48 and 72 h after treatment, NAC reversed the SKF83959
effect by 47% and 57%, respectively (Fig. 4I). In addition,
we used ROSup, a ROS-positive inducer, in GH3 cells and
found that ROSup significantly inhibited the p-AKT and
p-MTOR level in a time-dependent manner, increased the
level of c-CASP3 and c-CASP8 and cell death (Fig. S2C-E).
In summary, DRD5 activation inhibits MTOR signaling
pathways by increasing the ROS level as an upstream signal.

Activation of DRD5 induces autophagy in pituitary tumor
cells

The MTOR pathway participates in the regulation of auto-
phagy, a cellular process responsible for protein degradation
and turnover of the destroyed cell organelles for new cell for-
mation.11 Autophagy can also lead to cell death under specific
circumstances, known as autophagic cell death (ACD).20-23 We
previously reported that treatment of MMQ and GH3 cells
with CAB induced autophagy and caused cell death.10 As our

Figure 2. Suppression of pituitary tumor cell growth by DRD5 activation in vitro and in vivo. (A) DRD5 agonist SKF83959 treatment in GH3 cells induced apoptosis.
Left: After 48-h treatment at 12.5, 25, and 50 mM, the apoptotic cell population was 8.4% (p < 0.05), 30.6% (p < 0.001), and 49.5% (p < 0.001), respectively. Middle:
CASP3 and CASP7 activity fold was 2.1 (p < 0.05), 4.3 (p < 0.001), and 8.5 (p < 0.001), respectively. Right: Treatment with SKF83959 increased cleaved CASP3 and
CASP8. (B) In colony formation assays, SKF83959 and CAB treatment resulted in inhibition of cell colonies by 59% and 63%, respectively (p < 0.001). (C) Drd5 KD in GH3
cells partially abolished SKF83959-induced growth suppression. At 48 h and 72 h, Drd5 KD increased viable cell count from 62% to 92% and from 28% to 68%, respectively
(p < 0.001). (D) Drd5 KD in GH3 cells reduced the expression of c-CASP3 and c-CASP8 induced by SKF83959. (E) DRD5 agonist SKF83959 suppressed GH3 tumor growth in
nude mice. (F) Comparison of GH3 tumors from mice treated with control vehicle and with SKF83959 at d 11 of drug administration. (G) Tumor weights from mice treated
with control vehicle and with SKF83959 at day 11 of drug administration. The average ratio of tumor:nude mice weight from the control group and from the SKF83959-
treated group was 46 § 13.1mg/g and 8 § 2.5mg/g, respectively. NC, nonspecific negative control siRNA; �, p < 0.05; ��, p < 0.01; ���, p < 0.001.
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data presented in Fig. 1 and Fig. 2 indicated the involvement of
DRD5 in CAB-mediated cell growth suppression, we investi-
gated whether DRD5 mediated the CAB effect on autophagy
activation in these cells. A classical hallmark of autophagy acti-
vation is the conversion of MAP1LC3/LC3 (microtubule-associ-
ated protein 1 light chain 3)-I to lipidated LC3-II. MMQ cells
were treated with the DRD2 agonist quinpirole, the DRD5 ago-
nist SKF83959, or the DRD5 antagonist SKF83566, followed by
western blotting to examine LC3-I and LC3-II levels. As shown
in Fig. 5A, treatment with the DRD2 agonist quinpirole and
the DRD5 antagonist SKF83566 did not alter the LC3-II level
in MMQ cells. In contract, treatment with the DRD5 agonist
SKF83959 increased the LC3-II level, indicating that SKF83959
treatment resulted in LC3-I to LC3-II conversion. Furthermore,
the increase in LC3-II level resulting from the DRD5 agonist
SKF83959 treatment was partially diminished by the DRD5
antagonist SKF83566 (Fig. 5B), confirming the involvement of
DRD5 in LC3-I to LC3-II conversion.

Another characteristic of autophagy activation is the for-
mation of autophagosomes by sequestration of cytoplasm
within double-layered membrane vesicles (autophagosomes),
which fuse with lysosomes, resulting in the degradation of
their contents.27 Our TEM (transmission electron microscopy)
measurement revealed that treatment with the DRD5 agonist
SKF83959 induced the formation of autophagosomes in
MMQ cells (SKF83959 vs. Ctrl: 7.2 § 1.3 vs. 0.9 § 0.2, n D
40, p < 0.01) (Fig. 5C); in contrast, there was almost no auto-
phagosome formation when MMQ cells were treated with the
DRD2 agonist quinpirole or the DRD5 antagonist SKF83566
(Fig. 5C). Similarly, when GH3 cells were treated with the

DRD5 agonist SKF83959, there was an increase in LC3-associ-
ated green fluorescence, indicating the formation of LC3
puncta (Fig. 5D).

To understand the mechanism of DRD5-induced LC3-II
accumulation, we conducted several important experiments.
First, we examined the autophagic flux upon SKF83959 treat-
ment. We observed a time-dependent increase in the SQSTM1
protein, a marker of autophagic flux,24-26 after DRD5 agonist
SKF83959 treatment in GH3 cells (Fig. 5E), although the
mRNA level of Sqstm1 was not dramatically changed (Fig. 5F).
These findings indicate that degradation of SQSTM1 was
blocked. Confocal microscopy revealed the intact fusion
between autophagosomes and lysosomes under SKF83959
exposure (Fig. S3). Flow cytometry demonstrated that
SKF83959 augmented lysosome acidification, as demonstrated
by staining cells with LysoSensor Green DND-189 (Fig. 5G).
Next, we measured the lysosomal degradation capacity using
the DQ-BSA assay. As shown in Fig. 5H, SKF83959 treatment
of GH3 cells resulted in an initial increase in lysosome proteo-
lytic activity at 24 h, followed by a loss of proteolytic activity at
48 and 72 h, indicating that proteolytic activity was inhibited in
the prolonged presence of SKF83959. In addition, CTSD
(cathepsin D) and CTSB (cathepsin B), the major enzymes of
lysosomal degradation, were decreased in a dose- and time-
dependent manner in GH3 cells following SKF83959 treatment
(Fig. 5I). Taken together, these data indicate that DRD5 is
involved in autophagy activation induced by DAs; however,
instead of the completion of the normal autophagy cycles,
DRD5 activation blocks autophagic flux by impairing lyso-
somal degradation.

Figure 3. Inhibition of the MTOR pathway by DRD5 activation. (A) Expression of AKT, p-AKT, MTOR, p-MTOR, EIF4EBP1, and p-EIF4EBP1 in GH3 cells after DRD5 agonist
SKF83959 treatment at 25 mM by western blotting. (B) Histograms showing decreased p-EIF4EBP1, p-MTOR and p-AKT upon SKF83959 treatment. (C) DRD2 agonist quin-
pirole failed to reduce the expression of p-MTOR and p-EIF4EBP1 in GH3 cells by western blotting. (D) Drd5 KD abolished SKF83959-induced suppression of p-MTOR and
p-EIF4EBP1 in GH3 cells by western blotting. (E) Overexpression of DRD5 in GH3 cells further enhanced SKF83959-induced p-MTOR and p-EIF4EBP1 reduction. ��, p <

0.01; ���, p < 0.001.
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Critical role of autophagy in DRD5-mediated suppression
of pituitary tumor cell growth

Several proteins have been identified to be critical for autophagy,
including ATG5, ATG7, and BECN1/Beclin 1.28,29 To confirm
autophagy followed by ACD as a mechanism for DRD5-medi-
ated growth suppression, we examined the involvement of these

proteins in DRD5-mediated growth suppression. RNAi was
used to knockdown the protein expression of the Atg5, Atg7,
and Becn1 genes in GH3 cells. As shown in Fig. 6A and 6B,
RNAi knockdown reduced the protein level of ATG5, ATG7,
and BECN1 by approximately 40%, 70%, and 50%, respectively
(Fig. 6A, 6B). In cell viability assays, suppression of cell growth
by the DRD5 agonist SKF83959 was severely impaired in GH3

Figure 4. The role of ROS in CAB- and SKF83959-induced cell death. (A, B) Western blotting showing expression of SOD1, but not SOD2, was decreased after SKF83959
treatment in vitro or in vivo. SOD activity was also reduced upon SKF83959 treatment. (C, D) N-acetylcysteine (NAC), a ROS inhibitor, reversed the CAB- or SKF83959-
induced increase of ROS level, from 2.7-fold to 1.6-fold (p < 0.001), and 2.5-fold to 1.8-fold (p < 0.001), respectively. (E, F) Western blotting showing the decreasing
expression of p-AKT, p-MTOR and p-EIF4EBP1 by CAB or SKF83959 was reversed by NAC. (G) Western blotting showing the expression of p-AKT, p-MTOR and p-EIF4EBP1
was decreased by SKF83959 in vivo in tumors from nude mice. (H) NAC reversed CAB-induced cell death. At 48 h and 72 h, NAC increased the viable cell count from 30%
to 65% and from 40% to 70%, respectively (p < 0.05). (I) NAC reversed SKF83959-induced cell death. At 48 h and 72 h, NAC increased the viable cell count from 46% to
65% and from 31% to 68%, respectively (p < 0.01).
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Figure 5. Activation of DRD5 induces autophagy and blocks autophagic flux in pituitary tumor cells. (A) MMQ cells were treated with the DRD2 agonist quinpirole at
100 mM (left panel), the DRD5 agonist SKF83959 at 25 mM (right panel), or the DRD5 antagonist SKF83566 at 50 mM (middle panel). Western blotting showed that only
treatment with the DRD5 agonist SKF83959 resulted in an increase in the LC3-II level. (B) The DRD5 agonist SKF83959 (12.5 mM)-induced LC3-II increase was partially abol-
ished by the DRD5 antagonist SKF83566. (C) TEM showed the formation of autophagosomes in MMQ cells treated with the DRD5 agonist SKF83959 (SKF83959 vs.
Ctrl: 7.2 § 1.3 vs. 0.9 § 0.2, n D 40, p < 0.01) but not with the DRD2 agonist quinpirole or the DRD5 antagonist SKF83566. (D) The DRD5 agonist SKF83959 increased
LC3 puncta in GH3 cells, indicating the activation of autophagy. ���, p< 0.001. (E-F) Western blotting showed increased SQSTM1 protein expression upon SKF83959 treat-
ment (E), but there was no major change at the Sqstm1 mRNA level by qRT-PCR (F). (G) Flow analysis showing the curve of pH value shifting to the right, indicating that
intracellular pH was decreased by SKF83959. (H) Fluorescence microscopy showed the lysosomal proteolytic cleavage. DQ-Red-BSA exhibited bright red fluorescence at
24 h, but not at 48 h and 72 h upon SKF83959 treatment in GH3 cells. (I) Western blotting showing the expression of CTSD and CTSB after SKF83959 treatment of GH3
cells. The expression of mature CTSD and mature CTSB were decreased following the increase of SKF83959 concentration or by SKF83959 (25mM) over time.
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cells with the knockdown of these proteins (Fig. 6C). Knock-
down of Atg7 decreased the expression of c-CASP3 and PARP
protein (Fig. 6D). Next, we tested the effect of autophagy flux on
cell growth suppression induced by SKF83959. Treatment of
GH 3 cells with 3-methyladenine (3-MA; 5 mM), an early stage
inhibitor of autophagy, increased cell viability from 60% to 77%
in the presence of SKF83959 (Fig. 6E). Chloroquine (CQ), a late
stage inhibitor of autophagy, inhibited the autophagic flux and

decreased the GH3 cell viability in a dose-dependent manner
(Fig. S4A-C). CQ at 20 mM began to affect the cell viability and
inhibit autophagic flux. When CQ at 20 mM was combined with
SKF83959 at 25 mM, GH3 cell viability was further decreased
from 60% to 42% (Fig. 6E). The cell death was further confirmed
by trypan blue staining (Fig. S5). Western blotting revealed that
3-MA treatment partially blocked SKF83959-induced LC3-II
and SQSTM1 accumulation; CQ at 20 mM further increased

Figure 6. Critical role of autophagy in DRD5-mediated suppression of pituitary tumor cell growth. (A) Knockdown (KD) of ATG5, ATG7, and BECN1 protein by RNAi in GH3 cells. (B)
Quantification of ATG5, ATG7, and BECN1 protein KD in GH3 cells. (C) Viable cell counts in GH3 cells with Atg5, Atg7, or Becn1 KD treated with the DRD5 agonist SKF83959, showing
the abolishment of SKF83959-induced growth suppression by Atg5, Atg7, or Becn1 KD. (D) Immunoblots analysis of c-CASP3, PARP and LC3 in GH3 cells after Atg7 KD. (E) 3-MA
(5 mM) partially abolished and chloroquine (20 mM) increased DRD5 agonist SKF83959-induced growth suppression in GH3 cells. (F) 3-MA (5 mM) partially abolished and chloro-
quine (20 mM) increased DRD5 agonist SKF83959-induced LC3-II and SQSTM1 accumulation. NC, nonspecific negative control siRNA; ��, p< 0.01; ���, p< 0.001.
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SQSTM1 and LC3-II (Fig. 6F), as well as c-PARP protein and
CASP3-CASP7 activity (Fig. S4D-F). BafA1 had a similar effect
with 3-MA and partially rescued the GH3 cell death under
SKF83959 exposure (Fig. S6). These findings indicate the
critical role of autophagy in DRD5-mediated suppression of
pituitary tumor cell growth.

Growth suppression by DRD5 activation is functional in
multiple human cancer cell types

So far we have shown that in the pituitary tumor cell lines
MMQ and GH3, representing prolactinomas and GH- and
PRL-secreting tumors, activation of DRD5 by DAs suppressed
tumor cell growth in vitro and in vivo, through a mechanism of
inhibition of the MTOR pathway and activation of autophagy
followed by induction of ACD. Next we investigated whether
this growth suppressive function of DRD5 was specifically lim-
ited in such pituitary tumor cells, or it was a general function
working in different types of human pituitary tumors and other
cancers. Western blotting demonstrated that DRD5 protein was
expressed in the majority of human pituitary adenomas, includ-
ing PRL-secreting, GH-secreting, and ACTH-secreting adeno-
mas as well as clinically non-functioning adenomas (Fig. 7A).
Next, we tested the effect of the DRD5 agonist SKF83959 on in
vitro growth of the primary culture of several human pituitary
adenomas, including 3 clinically nonfunctioning tumors, 1 GH-
secreting tumor, and 1 PRL-secreting tumor (Table S2). As
shown in Fig. 7B, SKF83959 treatment at 25 mM resulted in a

decrease of cell viability in 4 of the cases; only one clinically
nonfunctioning pituitary tumor primary culture did not respond
to SKF83959 treatment (Fig. 7B). Immunohistochemical stain-
ing showed that the 4 primary pituitary adenomas that were
responsive to SKF83959 all expressed DRD5 protein; while in
the one tumor that did not respond to SKF83959 (NFPA-3),
DRD5 expression was extremely low (Fig. 7C).

We also retrievedDRD5mRNA expression data in cancer cells
from The Cancer Genome Atlas (TCGA) database with cBiopor-
tal; the results showed that the majority of cancers
had high expression of DRD5mRNA (Fig. S7).30,31 Western blot-
ting confirmed DRD5 protein expression in several different
human cancer cell lines, including glioblastoma U87, U251,
SHG66; colon cancer SW480; and gastric cancer SCG7901
(Fig. S8). Confocal microscopy also revealed the presence of
DRD5 in the membrane and cytoplasm of GH3, U87 and
SCG7901 cells (Fig. S9). Therefore, we investigated the effect of
SKF83959 in these human cancer cells. As shown in Fig. 8A,
SKF83959 suppressed cell growth in U87, U251, SW480,
SCG7901, and SHG66 by 41%, 20%, 38%, 42%, and 21%, respec-
tively. SKF83959 increased the expression of c-CASP3 and
c-PARP protein (Fig. 8B). Furthermore, in these human cancer
cells, SKF83959 treatment increased LC3-II protein and
decreased p-MTOR and p-EIF4EBP1, similar to what we
observed in GH3 cells (Fig. 8B). LC3-associated green fluores-
cence (Fig. 8C) and TEM (Fig. 8D and Fig. S10) revealed the for-
mation of LC3 puncta and autophagosomes in these human
cancer cells upon SKF83959 treatment. In addition, SKF83959

Figure 7. Growth suppression by DRD5 activation in human pituitary tumor primary cultures. (A) Western blotting showing DRD5 expression in human pituitary adeno-
mas of different types. NP, normal human pituitary; PRL, PRL-secreting pituitary adenoma; PRLCGH, human pituitary adenoma secreting both PRL and GH; GH, GH-secret-
ing pituitary adenoma; ACTH, ACTH-secreting pituitary adenoma; NFPA, clinically non-functioning pituitary adenoma. (B) Primary cultures of 5 human pituitary adenomas
were treated with DRD5 agonist SKF83959 at 25 mM. The viable cell counts were measured at the indicated time points. SKF83959 decreased viable cells significantly in
4 of 5 pituitary tumor primary cultures. (C) Immunostaining showed high levels of DRD5 in 4 pituitary adenomas responsive to SKF83959 but a very low level of DRD5 in
one nonresponsive pituitary tumor.
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suppressed cell growth in mouse neuroblastoma N2a cells, and
increased LC3-II level and decreased p-EIF4EBP1 level (Fig. S11).
These data suggest that activation of DRD5 suppresses in vitro
cell growth in multiple human tumors and cancers by inhibiting
MTOR functions and inducing autophagy followed by cell death.

Finally, using the human gastric cancer cell line SCG7901 as
a model, we examined whether DRD5 activation was able to
suppress in vivo tumor growth from this human cancer cell
line. SCG7901 cells were injected subcutaneously into nude
mice to form tumors; and the animals received one injection of
saline (for control) or SKF83959 (1 mg/kg). A significant differ-
ence in tumor sizes between the control and the SKF83959
group was observed at d 5 after drug administration, and the
difference kept increasing over time (Fig. 8E). The animals were
killed at d 11 and the tumors isolated and weighed. As shown
in Fig. 8F and 8G, the tumors from the SKF83959-treated
group were significantly smaller in size (401.5 § 76 mm3 vs.
916.7 § 260.3 mm3, p < 0.001) and weight (15 § 1.3 mg/g vs.

27 § 1.7mg/g, p < 0.001) than those from the control group,
indicating the in vivo tumor suppression ability of DRD5 acti-
vation in this human gastric cancer cell line. Western blotting
showed that tumors from the SKF83959-treated group
expressed more LC3-II, c-CASP3, c-PARP, and less p-MTOR
and p-EIF4EBP1 compared with tumors from the control group
(Fig. 8H), similar to what we observed in in vitro studies.

Taken together, our data clearly demonstrated the in vitro
and in vivo tumor suppressive function by DRD5 activation in
different human tumor and cancer cells, presumably using the
mechanisms of inhibiting MTOR functions and inducing auto-
phagy followed by cell death.

Discussion

Most of the previous studies on DRD5 have shown its involve-
ment in diversified physiological and pathological processes

Figure 8. Growth suppression and autophagy activation by DRD5 activation in human cancer cells. (A) SKF83959 (25 mM) treatment at 48 h significantly reduced the via-
ble cell count in human glioblastoma cell lines U87, U251, SHG66, colon cancer cell line SW480, and gastric cancer SCG7901, as measured by MTS assays. (B) Western blot-
ting showing that in these human cancer cell lines, SKF83959 treatment (25 mM) for 48 h resulted in a decrease of p-MTOR and p-EIF4EBP1 and an increase in LC3-II,
c-CASP3 and c-PARP, indicating inhibition of MTOR signaling and activation of autophagy. (C) SKF83959 increased LC3-associated green fluorescence in these human can-
cer cell lines, indicating the activation of autophagy. (D) TEM showed the formation of autolysosomes in SCG7901 and SHG66 cells. (E) DRD5 agonist SKF83959 suppressed
tumor growth from human gastric cancer SCG7901 in nude mice. (F) Comparison of SCG7901 tumors from mice treated with control vehicle and with SKF83959 (1 mg/kg)
at d 11 of drug administration. (G) Comparison of the ratio of tumor:mouse weights from mice injected with SCG7901 treated with control vehicle and with SKF83959 at d
11 of drug administration. (H) Western blotting showed that compared with the tumors from the control mice the tumors from SKF83959-treated mice expressed more
LC3-II, c-CASP3, c-PARP, and less p-MTOR and p-EIF4EBP1. �, p < 0.05; ��, p < 0.01; ���, p < 0.001.
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such as memory and learning,32 hypertension,33,34 immunolog-
ical modulation,35-37 paranoid schizophrenia,38 and attention-
deficit hyperactivity disorder.39 Our study demonstrates the
first time that activation of DRD5 suppresses tumor growth in
vitro and in vivo in different cell types, by inducing ROS pro-
duction, inhibiting the MTOR pathway, inducing autophagy,
and causing ACD.

Kou and colleagues reported that activation of D1-like
receptors, including DRD1 and DRD5, is able to suppress IGF1
(insulin like growth factor 1)-induced vascular smooth muscle
cell proliferation via blocking IGF1 expression and phosphory-
lation.40 Interestingly, this IGF1-induced vascular smooth mus-
cle cell proliferation was also blocked by MTOR inhibitors,
suggesting a crosstalk between dopamine signaling and MTOR
pathways. Our results here showed that in pituitary tumor cells
as well as other human cancer cells, activation of DRD5 inhib-
ited phosphorylation of both MTOR and its downstream tar-
gets, and induced ACD, indicating that the suppression of
MTOR functions resulted from DRD5 activation.

It has been reported that ROSs are involved in the regulation
of autophagy through inhibiting the AKT-MTOR
pathway17,19,41 In HeLa cells, a-eleostearic acid induced ROS
generation and inhibited the MTOR pathway by AKT suppres-
sion, therefore activating autophagy and resulting in ACD.16

Meanwhile, activation of DRD1 has been reported to promote
oxidative stress in human neuroblastoma SK-N-MC cells,,42,43

and dopamine induced autophagy-associated cell death in
human neuroblastoma SK-SY5Y cells.44 Consistent with these
studies, our data showed that activation of DRD5 in GH3 cells
inhibited SOD1 activity and expression, and increased ROS
content, but blocking of ROS generation by NAC diminished
DRD5-induced autophagy and MTOR suppression, and thus
protected cells from ACD.

We and others recently showed that DAs induce auto-
phagy.10,45,46 Wang et al. reported that activation of DRD2 and
DRD3 induce autophagy in several cell lines, including rat
adrenal medulla cell PC12, rat/mouse hybrid mesencephalon
cell MES23.5, and human neuroblastoma SH-SY5Y.45 How-
ever, according to their report, activation by the D2-like agonist
pramipexole is MTOR-independent. Also, the effect of D2-like
receptor activation on cell proliferation was not explored in
their study. Interestingly, DRD2 antagonists also induce auto-
phagy in cardiac myocytes and SH-SY5Y neuroblastoma cells
via an MTOR-independent pathway.47,48 In addition, the effect
of DR agonists/antagonists on tumor growth was reported
through different mechanisms.49,50 It has also been reported
that DR antagonists selectively target cancer stem cells and DR
is a potential target of tumor cells.51 Obviously, the mecha-
nisms and biological consequences for D1-like and D2-like
receptor activation are quite different.52 We showed here that
DRD5 activation was MTOR-dependent, which could result in
tumor cell growth suppression.

It has been reported that activation of DRD5 can result in
PLC activation, leading to phosphatidylinositol-4,5-bisphos-
phate hydrolysis and, subsequently, inhibition of PDK1 and
AKT, and suppression of the MTOR pathway.3 However, little
is known about the biological pathways downstream to MTOR
mediated by DRD5. We previously reported that CAB induced
autophagy by inhibiting the MTOR pathway.10 Typically

autophagy is a process of clearance of unwanted intracellular
components. CAB treatment can enhance the formation of
autophagosomes; however, CAB can also block autophagic flux
and cause the autophagy process to be incomplete, thus leading
to autolysosome accumulation within the cells, and ACD.10

Our data in Fig. 5C and Fig. S3 clearly demonstrated the forma-
tion of autolysosomes in cells treated with the DRD5 agonist
SKF83959, and highlighted the importance of autophagy in
DRD5-mediated growth suppression. Conversely, SKF83959
can augment lysosome acidification, while decreasing the lyso-
somal degradation ability, leading to the blockage of autophagic
flux with accumulation of SQSTM1 and LC3. The autophagy
inhibitor 3-MA blocked the early initial steps of autophagy,
and thus impaired DRD5-mediated growth suppression. In
contrast, CQ as a late stage inhibitor of autophagy can further
block the autophagic flux.53 Consistently, we have found that
CQ was capable of enhancing DRD5-mediated growth suppres-
sion, as revealed in Fig. 6E and 6F.

DAs such as bromocriptine and cabergoline have been
used to treat prolactinoma successfully, and it has been con-
sidered that their pharmacological functions were mainly
mediated by DRD2.4,54 However, our study here demon-
strated that the tumor suppression effect of DAs is mainly
mediated by DRD5, through the inhibition of MTOR signal-
ing and the activation of ACD. Our study has also revealed
that DRD5 is widely expressed in different types of human
pituitary tumors, including PRL-secreting, GH-secreting, and
ACTH-secreting adenomas, as well as clinically non-func-
tioning pituitary adenomas, for which there is currently no
approved medical therapy. In addition, DRD5 is also
expressed in many malignant human cancer cells such as
brain, colon, and gastric cancers. Our data have shown for the
first time that treatment with DRD5 agonist can result in
growth suppression of human pituitary tumor cells. Further-
more, this DRD5-mediated tumor suppression is not limited
in the pituitary. Rather, in several other human cancer cells,
DRD5 activation can result in growth suppression and tumor
formation. Therefore, our study suggests a potential use of
DRD5 agonists as a novel therapeutic approach for the treat-
ment of different human tumors and cancers.

Materials and methods

Cell culture, pituitary tumor tissues, and other reagents

DMEM (11995065), F12 medium (11765062), fetal bovine
serum (16000044), horse serum (16050122) and penicillin/
streptomycin (15240062) were purchased from Gibco/Life
Technologies.

Rat pituitary cell lines GH3 and MMQ cells were purchased
from the American Type Culture Collection (ATCC,
CCL¡82.1, CCL¡10609) and were cultured in DMEM (Gibco,
c11995500BT) and F12 medium (Gibco, 11765062), respec-
tively, supplemented with 2.5% fetal bovine serum (Gibco,
26140079), 15% horse serum (Gibco, 26050088). Primary
human pituitary tumor cells were obtained from pituitary
tumor patients who underwent surgery for pituitary tumors
and were cultured in DMEM with 10% fetal bovine serum and
100 u/ml penicillin/streptomycin (Gibco, 15240112). All other
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human cancer cell lines (U87, U251, SW480, SCG7901,
SHG66) were gifts from Liang-Fu Zhou (Department of Neuro-
surgery, Huashan Hospital, Fudan University, Shanghai,
China) and were cultured in DMEM medium (Gibco,
c11995500BT) supplemented with 10% fetal bovine serum. All
of the cells were cultured in an atmosphere of 5% CO2:95% air
at 37�C.

Human pituitary tumor tissues were obtained from pitui-
tary tumor patients, who underwent surgery between 2008
and 2014 at the Department of Neurosurgery, Ruijin Hospi-
tal of Shanghai Jiaotong University. Non-neoplastic pitui-
tary specimens were obtained from autopsy. Nine pituitary
tumor tissues (PRL [prolactin]-secreting adenomas, n D 2;
GH [growth hormone]-secreting adenoma, n D 2; mixed
hormone secreting tumor, n D 1; POMC/ACTH-secreting
adenoma, n D 1; clinically non-functioning pituitary adeno-
mas, n D 3) and 2 normal pituitary tissues were analyzed
for DRD5 expression by immunohistochemistry and west-
ern blotting. The procedures related to human subjects
were approved by the Ethics Committee of Shanghai Jiao
Tong University School of Medicine. Written informed con-
sent was obtained from all patients whose tumor tissues
were used in this study.

Chemical compounds used in this study are listed in Table 1.

Cell viability and cell death assays

Cells were plated in 96-well tissue culture plates and then
treated with appropriate doses of each drug for a certain time
as indicated. Cell survival was assayed using the MTS-based
CellTiter 96�AQueous One solution cell proliferation assay
(Promega, G3580) and Trypan Blue Staining Cell Viability
Assay Kit (Beyotime, S0033) according to the manufacturer’s
instructions. Upon addition of MTS solution, the reaction plate
was incubated at 37�C for 3 h, and the absorbance was read at
490 nm with a plate reader (TECAN, M€annedorf, Switzerland).
For phosphatidylserine exposure, cells were stained with
ANXA5/annexin V-PE as described by the manufacturer (BD
Biosciences, San Jose, CA, USA), and assayed by flow cytome-
try (CyAn ADP, Beckman Coulter, Brea, CA, USA).

Measurement of CASP3-CASP7 activity

Cells were plated in 96-well tissue culture plates and treated
with appropriate doses of each drug for a certain time as indi-
cated. CASP3-CASP7 activity was assayed using the Caspase-

Glo�3/7 Assay kit (Promega, G8093) according to the manufac-
turer’s instructions with a standard chemiluminescence plate
reader (TECAN, Switzerland).

Denaturing SDS-PAGE and western blotting

Cells were lysed in RIPA buffer (Beyotime, P0013C), and total
protein concentration was measured using a bicinchoninic acid
protein assay kit (Tiangen Biotech, PA115). Proteins from
whole cell extracts were resolved using denaturing SDS-PAGE
and analyzed by western blotting. Antibodies used in western
blotting analyses are listed in Table 2. Immunoblots shown in
the accompanying figures are derived from 3 independent
experiments. Intensities of protein bands were quantified by
densitometry using the software ImageJ (http://imagej.nih.gov/
ij/).

Gene silencing and overexpression

Cells were transfected with 100 nM nontargeting siRNA or rat
Drd5, Drd1, Atg7, Atg5 and Becn1-specific siRNAs using Lipo-
fectamine RNAiMAX Transfection Reagent (Invitrogen, 13778–
075), in accordance with the manufacturer’s instructions, for
72 h. The target sequences of rat Drd5- or Drd1-specific
ONTARGET plus siRNAs (Bionner, Korea) were siDrd5 (50-
CGUAUCCCUAGCUGUCUCA-30, 50-UGAGACAGCUAGGG
AUACG-30) and siDrd1 (50-GCCUGUCGAAUGUUCUCA
ATT-30, 50-UUGAGAACAUUCGACAGGCTT-30) respectively.
SiAtg7, siAtg5 and siBecn1-specific siRNAs were synthesized at
GenePharma (China), according to the previously published
study.10

For overexpression of DRD5, the open reading frame of
DRD5 (NM_012768) was cloned into the lentiviral vector
GV358 (GeneChem Co., Ltd., China). Transfections were per-
formed using polybrene and enhanced infection solution (Gen-
eChem Co., GOSL71609), according to the manufacturer’s
instructions.

Table 2. Antibodies used in this study.

Antibodies Catalog number Company

anti-GAPDH ab181602 Abcam
anti-ATG7 ab133528 Abcam
anti-ATG5 ab108327 Abcam
anti-BECN1/beclin1 3738 Cell Signaling Technology
anti-ACTB/b-actin 5057 Cell Signaling Technology
anti-MTOR 2983 Cell Signaling Technology
anti-phospho-MTOR 5536 Cell Signaling Technology
anti-EIF4EBP1 9644 Cell Signaling Technology
anti-phospho-EIF4EBP1 2855 Cell Signaling Technology
anti-DRD2 sc-7523 Santa Cruz Biotechnology
anti-DRD5 sc-25650 Santa Cruz Biotechnology
anti-LC3 L7543 Sigma-Aldrich Chemistry
anti-AKT 4691 Cell Signaling Technology
anti-p-AKT 4060 Cell Signaling Technology
anti-SOD1 10269 Proteintech Group
anti-SOD2 24147 Proteintech Group
anti-DRD1 ab20066 Abcam
anti-DRD3 ab42114 Abcam
anti-CTSD 2284 Cell Signaling Technology
anti-CTSB 31718 Cell Signaling Technology

Table 1. Chemical compounds used in this study.

Chemical compounds Catalog number Company

SKF83959 2074 Tocris Bioscience
quinpirole 1061 Tocris Bioscience
SKF83566 1586 Tocris Bioscience
cabergoline 2664 Tocris Bioscience
DMSO D2650 Sigma-Aldrich Chemistry
N-acetyl-L-cysteine S0077 Beyotime Biotechnology
ROSup S0033 Beyotime Biotechnology
DQ-BSA D12051 Thermo Fisher Scientific
SOD Assay Kit S0101 Beyotime Biotechnology
DND-189 L7535 Invitrogen
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Real-time RT-PCR

Total RNAwas isolated from cultured cells using the Trizol reagent
(Invitrogen, 1596018), according to the manufacturer’s instruc-
tions. PCR primers used were as follows: Drd2 (Rat-forward): 50-C
ACCACGGCCTACATAGCAA-30; Drd2 (Rat- reverse): 50-GGC
TGCCCATTCTTCTCT-30. Drd5 (Rat-forward): 50-CCACTGCG
CTCCATCCTGAATC-30; Drd5 (Rat- reverse): 50-GGCTACTCG
CTGGGTCATCTTG-30. Sqstm1 (Rat-forward): 50-GACCCCACT
TGAGATTCGT-30; Sqstm1 (Rat-reverse):50-TGCTCCATCAG
AGGATCCCA-30; Gapdh (Rat-forward): 50-ACCCTGTTGCTG
TAGCCATATTC ¡30; Gapdh (Rat- reverse): 50-ACCCTGTT
GCTGTAGCCATATTC-30.

Transmission electron microscopy (TEM)

Samples were processed in the Electron Microscopy Core at
Fudan Univeristy. Cell pellets were fixed with 2.5% glutaralde-
hyde overnight and post-fixed with 1% osmium tetroxide
(pH 7.4) for 2 h at room temperature. The pellets were then
dehydrated in a graded ethanol series, infiltrated and embedded
in Spurr’s resin (Polysciences, 01916–1). Samples were then
polymerized for 48 h at 60�C, cut into 60-nm-thick sections on
an LKB-I microtome (LKB, Sweden), positioned on 200-mesh
grids (Polysciences, 22896–1), and stained with uranyl acetate
and lead citrate. TEM was performed on a PHILIPS CM120
TEM at an accelerating voltage of 120 kV. Images were
acquired with Gatan type UltraScan 4000SP CCD camera con-
nected to the TEM.

Immunocytochemistry

Cells were grown to 50% confluence on glass coverslips in a 12-
well tissue culture plate, and subsequently treated with the
appropriate drug at the indicated concentrations for the stated
durations. They were washed 3 times with sterile phosphate-
buffered saline (PBS; 8.4 mM Na2HPO4, 1.5 mM KH2PO4,
136.9 mM NaCl, 2.7 mM KCl, pH 7.2), fixed and permeabilized
in acetone for 10 min, and blocked with 3% BSA (Beyotime,
ST023) for 1 h. Primary immunostaining with LC3B antibody
(Sigma, L7543) or DRD5 antibody (Santa Cruz Biotechnology,
sc-25650) was performed at room temperature overnight, fol-
lowed by immunostaining with Alexa Fluor 488-conjugated
secondary antibody (Invitrogen, A-11008). Cellular DNA was
subsequently counterstained with DAPI (Sigma, 28718–90–3)
for 15 min at room temperature. Staining was visualized and
photographed using an LSM710 laser scanning confocal micro-
scope with a £ 63 oil immersion lens (Carl Zeiss, Oberkochen,
Germany). Cell images were independently validated by per-
forming cell counting on 5 different magnification fields per
image: LC3B puncta per cell D number of LC3B puncta/total
number of cells.

Colony formation assay

Cells (2 £ 103) were plated in 6-well plates and then treated
with CAB at 100 mM or SKF83959 at 25 mM for 2 weeks. Cells
were washed twice in 1 £ PBS and fixed with methanol for
10 min, followed by staining with 0.5% crystal violet dye (in

methanol/deionized water, 1:5; Beyotime, C0121) for 10 min.
Excess crystal violet dye was removed by 5 washes of deionized
water on a shaker (10 min per wash), and microscopy was
obtained by using an Axiovert 200 microscope (Carl Zeiss,
Oberkochen, Germany) and cell colonies were counted using
ImageJ.

In vivo tumor formation

Female athymic nude mice were purchased from the SLAC
(Shanghai Slack Laboratory Animal Co., Ltd., Shanghai, China)
and were kept under specific pathogen-free (SPF) conditions.
One million GH3 cells or SCG7901 gastric cancer cells were
mixed in 1 £ PBS and injected subcutaneously into the flanks
of 5-wk-old athymic nude mice (n D 10 mice for each cell
line). The animals were assigned randomly to 2 groups with 5
animals in each group; 1 group for drug treatment and the
other for control. For drug administration, the animals were
injected intraperitoneally with 100ml vehicle control (0.1%
DMSO in 0.9% saline) or 1 mg/kg SKF83959 daily for 11 d.
The tumors were allowed to grow to »50 mm3 in size. Tumor
ellipsoid volume was estimated as described previously.55

Weight of mice and tumor dimensions were measured every
other day after drug injection. All mice were killed and tumors
were harvested, followed by photography and western blotting.
All procedures were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The care and use of athymic nude mice (nu/nu) was
approved by the Ethics Committee of Shanghai Jiao Tong Uni-
versity School of Medicine.

Determination of ROS levels

Drug-treated cells were washed once with warm PBS and were
incubated with 10 mM 20,70 -dichlorodihydrofluorescein diace-
tate (Beyotime, S0033) in warm PBS supplemented with
5.5 mM glucose. After 20 min at 37�C, PBS was replaced with
complete culture medium, and cells were incubated for an addi-
tional 10–15 min, washed once again with warm PBS, and
analyzed using a microplate reader (TECAN, M€annedorf,
Switzerland).

Tracking of lysosomal pH

For staining with LysoSensor Green DND-189 (Invitrogen,
L7535), a pH indicator that exhibits a pH-dependent increase
in fluorescence intensity upon acidification, cells were labeled
with 1 mM LysoSensor Green DND-189 for 30 min, and then
the probe-containing medium was replaced with fresh medium.
Then cells were harvested with 0.25% trypsin, and washed twice
with PBS, the pH level determined by flow cytometry.

DQ-BSA proteolytic assay

DQ-Red-BSA (Thermo Fisher Scientific, D12051) was used
to evaluate lysosomal proteolytic activity as described previ-
ously.56 Briefly, GH3 cells were plated in a chamber slide
and incubated with DQ-Red-BSA (10 mg/mL) for 2 h at
37�C, followed by washing with PBS. After adding fresh
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medium, the cells were treated with SKF83959 and control
(DMSO) and examined by fluorescence microscopy at 24,
48, and 72 h. Upon lysosomal proteolytic cleavage, DQ-
Red-BSA exhibits red fluorescence.

Detection of SOD activity

After incubation with SKF83959 for 48h as described above,
cells were harvested with 0.25% trypsin, and washed twice with
PBS. The tumor tissues harvested from nude mice were treated
with an ultrasound homogenizer. Then, the contents of SOD
(superoxide dismutase) were determined using the correspond-
ing detection kits (Total Superoxide Dismutase Assay Kit with
WST-8, Beyotime, S0101) according to the manufacturer’s
instructions.

Immunohistochemical staining of DRD5 in pituitary tumor
tissue sections

Antigens were retrieved from formaldehyde-fixed, paraffin-
embedded (FFPE) tumor tissue sections by boiling in sodium
citrate buffer (pH 6.0) for 30 min using a microwave histo-
processor. The tissue sections were dehydrated and subjected
to peroxidase blocking. Immunohistochemical staining was
performed by incubating tissue sections using mouse DRD5
primary antibody (Santa Cruz Biotechnology, sc-376088;
1:50 in 1% BSA in TBST [Sangon Biotech, C520009]) over-
night at 4�C with gentle shaking, followed by incubation with
goat anti-mouse HRP secondary antibody (Abcam, ab6788;
1:200 in 1% BSA in TBST) for 1 h at room temperature. The
sections were then exposed to DAB substrate (dissolved in
Dako substrate buffer; Roche, 760–500), followed by Gill’s
Hematoxylin counterstaining (Sangon Biotech, E607317) and
standard dehydration treatment. The staining images were
obtained by using an Axiovert 200 microscope (Carl Zeiss,
Oberkochen, Germany).

Statistics

Statistical significance in experiments was assessed using
GraphPad Prism, version 5 (GraphPad Software, La Jolla, CA,
USA). Student unpaired, 2-tailed t tests with a 95% confidence
interval were used to analyze data involving direct comparison
of an experimental group with a control group. Reported P val-
ues were adjusted to account for multiple comparisons.
A P value less than 0.05 was considered statistically significant.

Abbreviations

3-MA 3-methyladenine
ACD autophagic cell death
act-CTSB activated cathepsin B
ATG autophagy related
BafA1 bafilomycin A1

BECN1 Beclin 1
BRC bromocriptine
CAB cabergoline
cAMP cyclic adenosine monophosphate
CASP3 caspase 3

CASP8 caspase 8
c-CASP3 cleaved-CASP3
c-CASP8 cleaved-CASP8
c-PARP cleaved-PARP
CQ chloroquine
Ctrl control
CTSB cathepsin B
CTSD cathepsin D
DAPI 40 6-diamidino-2-phenylindole
DAs dopamine agonists
DRD1 dopamine receptor D1
DRD2 dopamine receptor D2
DRD3 dopamine receptor D3
DRD4 dopamine receptor D4
DRD5 dopamine receptor D5
DRs dopamine receptors
EIF4EBP1 elongation translation initiation factor

4E binding protein 1
GH growth hormone
IGF1 insulin-like growth factor 1
im-CTSD immature cathepsin D
LV lentivirus
MAP1LC3-I/LC3-I microtubule-associated protein 1 light

chain 3-I
MAP1LC3-II/LC3-II microtubule-associated protein 1 light

chain 3-II
mat-CTSD mature cathepsin D
MTOR mechanistic target of rapamycin
NFPA nonfunctioning pituitary adenoma
PARP poly-(ADP-ribose) polymerase
p-EIF4EBP1 phosphorylated EIF4EBP1
p-MTOR phosphorylated MTOR
POMC/ACTH proopiomelanocortin
PRL prolactin
pro-CTSB proenzyme cathepsin B
RNAi RNA interference
ROS reactive oxygen species
siRNA small interfering RNA
SOD1 superoxide dismutase 1
SOD2 superoxide dismutase 2
SPF specific pathogen-free
SQSTM1 sequestosome 1
TEM transmission electron microscopy
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