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Ephedrae herba stimulates hepatocyte growth factor-induced
MET endocytosis and downregulation via early/late endocytic
pathways in gefitinib-resistant human lung cancer cells
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Abstract. The MET tyrosine kinase receptor and its ligand,
hepatocyte growth factor (HGF), are known to be over-
expressed in a variety of malignant tumor cells, and are
implicated in the development of gefitinib-resistance in human
non-small cell lung cancer (NSCLC) cells. Ephedrae herba
was previously reported to prevent HGF-induced cancer cell
motility by directly suppressing HGF/MET signaling through
the inhibition of MET tyrosine kinase, and treatment with
its extract also considerably reduced MET protein levels. To
further investigate the mechanism underlying the Ephedrae
herba-induced inhibition of MET phosphorylation as well as
its degradation and subsequent disappearance, we examined
the effect of Ephedrae herba on HGF-stimulated MET endo-
cytosis and downregulation via early/late endocytic pathways
in an NSCLC cell line. Using immunofluorescence micros-
copy, we found that pretreatment of cells with Ephedrae herba
extract dramatically changed the intracellular distribution
of plasma membrane-associated MET, and that the resultant
MET staining was distributed throughout the cytoplasm.
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Pretreatment of the cells with Ephedrae herba extract also
led to the rapid loss of MET and phosphorylated (p)-MET
in HGF-stimulated cells. In contrast, inefficient endocytic
delivery of MET and p-MET from early to late endosomes
was observed in the absence of Ephedrae herba extract, since
considerable amounts of the internalized MET accumulated in
the early endosomes and were not delivered to lysosomes up
to 1 h after HGF-stimulation. Furthermore, large amounts of
MET and p-MET that had accumulated in late endosomes of
Ephedrae herba-pretreated cells after HGF stimulation were
observed along with bafilomycin Al. Therefore, we inferred
that degradation of MET occurred in the late endosome/
lysosome pathway. Moreover, western blot analysis revealed
the accelerated degradation of MET and p-MET proceeds in
cells pretreated with Ephedrae herba extract. Collectively, our
results suggest that some components of Ephedrae herba have
a novel role in promoting HGF-stimulated MET and p-MET
endocytosis followed by its downregulation, likely mediated
by the early/late endocytic pathways.

Introduction

MET tyrosine kinase receptor is overexpressed in a variety of
cancers (1-3), which could be the result of the MET gene ampli-
fication, which has been observed, particularly in transcriptional
activation in a small subset of cancers (4-8), and more recently
in lung cancers (9,10). Signaling by MET and its ligand, hepa-
tocyte growth factor (HGF) (11), is known to play an important
role in increased cell proliferation, reduced apoptosis, invasion,
scattering, increased metastasis, and angiogenesis (12,13).

The dimerization and autophosphorylation of MET recep-
tors occur following HGF binding, leading to the activation of
pathways such as mitogen-activated protein kinase (MAPK),
phosphatidylinositol-3-kinase (PI3K)-serine/threonine kinase
AKT (AKT), and the signal transducers and activator of tran-
scription (STAT) signaling (14-16). Then, the HGF-induced
MET receptors are internalized and trafficked to the early
endosomes commonly referred to as the sorting endosomes. In
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the sorting endosomes, MET receptors are ubiquitinated and
are recognized by the endosomal sorting complex required for
transport (ESCRT) machinery that generates multivesicular
bodies (MVBs) by packaging molecular cargo into small
vesicles that bud off from the limiting membrane into the
lumen of the endosomes (17). Accordingly, endocytosis and
downregulation of HGF-MET complexes are closely related
to the attenuation of intracellular MET signaling (18,19).
Alternatively, MET is recycled to the plasma membrane by
endosomal recycling pathways (20).

Maoto, a traditional Kampo medicine, has been suggested
to prevent cancer metastasis by directly suppressing the
metastatic ability of cancer cells, based on its inhibition
of the serum-induced motility of human breast cancer and
mouse osteosarcoma cells (21-23). Maoto is composed of
four ingredients, namely Ephedrae herba, Armeniacae semen,
Cinnamomi cortex, and Glycyrrhizae radix. Furthermore,
extracts of maoto and Ephedrae herba were both previously
shown to prevent HGF-induced cancer cell motility by inhib-
iting HGF/MET/AKT signaling through the suppression of
MET phosphorylation kinase (23,24). In addition, Ephedrae
herba directly inhibited the tyrosine-kinase activity of MET
as well as phosphorylation of AKT, a downstream target of
MET. Moreover, MET protein and gene expression was
considerably reduced following 24-h treatment with maoto
or Ephedrae herba exracts, and these inhibitory effects
were abrogated by the removal of Ephedrae herba from the
incubation medium (23,24). Thus, these suppressive effects
may be attributed to Ephedrae herba. Further, it has recently
been demonstrated that herbacetin glycosides (25), which are
active molecules found in Ephedrae herba and their aglycon,
herbacetin, inhibits HGF-MET-AKT signaling in human
MDA-MB-231 breast cancer cells (26). However, it was also
shown that herbacetin treatment does not affect MET protein
expression in these cells. Accordingly, we surmised that some
other components of Ephedrae herba extract might have a
stimulatory influence on the HGF-induced MET endocytosis
via the early/late endocytic pathways.

Therefore, in this study, we investigated the molecular
mechanisms by which Ephedrae herba inhibits the phos-
phorylation of MET and decreases MET protein expression.
Specifically, we examined the effect of Ephedrae herba on
HGF-stimulated MET endocytosis and its downregulation
via the early/late endocytic pathways in the H1993 NSCLC
cell line, harboring MET gene amplification and MET over-
expression (10), using immunofluorescence microscopy and
western blot analysis. We found that the pretreatment of cells
with Ephedrae herba not only led to a considerably suppressed
MET/AKT phosphorylation, but also plasma membrane-
associated MET was rapidly endocytosed and subsequently
downregulated via the early/late endocytic pathways in the
cells. Taken together, our results led us to infer that compo-
nents of Ephedrae herba might play a novel role in promoting
HGF-stimulated MET/p-MET endocytosis and subsequent
degradation in the early/late endocytic pathways.

Materials and methods

Materials. Ephedrae herba was purchased from Tsumura & Co.
(Tokyo, Japan) and was mixed with RPMI medium to a
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concentration of 10 mg/ml at 37°C for 30 min. Recombinant
human HGF was purchased from PeproTech (London, UK).
Bafilomycin Al, cycloheximide (CHX), and DAPI were
obtained from Sigma (St. Louis, MO, USA). SlowFade anti-
fade reagent was purchased from Molecular Probes (Eugene,
OR, USA). Other chemicals were of reagent grade and were
obtained from commercial sources.

Cell culture. The human H1993 non-small cell lung cancer cell
line was obtained from the American Type Culture Collection.
Cells were cultured at 37°C and 5% CO, in RPMI-1640
containing 10% fetal bovine serum (FBS) in a humid envi-
ronment. The serum-starved cells were preincubated with
Ephedrae herba extract (100 pg/ml) at 37°C for 2 h and
0.17 uM bafilomycin Al for 30 min, and then stimulated with
HGF (50 ng/ml) at 37°C for the indicated times, after which
further analysis was performed.

Antibodies. Alexa 488-labeled or Texas red-labeled goat anti-
mouse and goat anti-rabbit secondary antibodies were obtained
from Molecular Probes. Normal rabbit IgG and normal mouse
monoclonal IgG1 were purchased from Imgenex (San Diego,
CA, USA) and Angio-proteomie (Boston, MA, USA),
respectively. Normal goat serum was purchased from Sigma.
Anti-MET, phospho-MET (p-MET), AKT, phospho-AK T4
(p-AKT537), p44/42 MAPK (MAPK), phospho-p44/42
MAPK (p-MAPK), EEA1, and LAMPI1 antibodies were
obtained from Cell Signaling Technology (Beverly, MA,
USA), and anti-p-actin antibody was obtained from Sigma.
Mouse monoclonal antibody to SNX1 was purchased from
BD Biosciences (San Jose, CA, USA). Mouse monoclonal
anti-HGF a-chain antibody was purchased from Institute of
Immunology (Tokyo, Japan). Anti-cathepsin D was affinity-
purified by protein A Sepharose CL-4B (Sigma), followed by
immunoaffinity chromatography using antigen-conjugated
Sepharose 4B as previously described (27,28).

Immunofluorescence microscopy (General procedures).
Immunofluorescence microscopy was described previ-
ously (29-32). H1993 cells were grown for 2 days on glass
coverslips in 6-well plates in RPMI with 10% fetal bovine
serum. Cells pretreated with or without Ephedrae herba extract
(100 pg/ml) at 37°C for 4 h were fixed with 3.7% formaldehyde
in phosphate-buffered saline (PBS), pH 7.4, permeabilized in
PBS containing 0.1% saponin. After washing with PBS, cells
were blocked with PBS-10% normal goat serum. All subse-
quent antibody and wash solutions contained 0.1% saponin.
H1993 cells were then double-stained for MET with anti-MET
antibody and SNX1 with anti-SNX1 antibody or LAMP1
with anti-LAMP1 antibody, or for p-MET with anti-p-MET
antibody and SNX1 with anti-SNX1 antibody or LAMP1 with
anti-LAMPI antibody. Early endosomes were stained with
anti-SNX1 antibody, since SNX1 protein is a family of sorting
nexin proteins, and are localized to early endosomes (33,34).
Late endosomes/lysosomes were stained with anti-LAMP1
antibody, since the LAMPI1 protein is distributed within
endocytic organelles and is at its highest concentration in the
late endosomes/lysosomes, as observed for other lysosomal
glycoproteins, namely, lysosomal-associated membrane
protein-1 (LAMP-1) and LAMP-2 (35,36). The cells were then
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incubated for 1 h with the secondary antibodies at 20 pxg/ml
and was further stained with DAPI to reveal nuclei. Controls
for antibody specificity were non-immune normal mouse IgG1
or non-immune normal rabbit IgG. The distribution of the
labeled proteins was then analyzed by confocal immunofluo-
rescence microscopy of the fixed cells. Slides were mounted
with SlowFade anti-fade reagent and observed on a Zeiss
LSM 510 META confocal laser scanning microscope (Carl
Zeiss, Oberkochen, Germany), equipped with krypton/argon
laser sources. Colocalization of MET and SNX1 or LAMP1,
p-MET and SNX1 or LAMP1 was quantified using ImageJ
software and the MacSCOPE X software (Mitani Corporation,
Osaka, Japan).

Immunofluorescence microscopy (Pretreatment of cells
with Ephedrae herba). To clarify MET internalization, we
followed the uptake of HGF with time in H1993 cell line (19).
To minimize the contribution of recycling and/or lysosomal
degradation of the internalized HGF, we quantified the HGF
uptake in each cell for time periods of up to 60 min. H1993
cells were starved for 3 h with RPMI without FBS at 37°C, and
the serum-starved cells pretreated with or without Ephedrae
herba extract (100 pg/ml) for 2 h were then incubated with
HGF (50 ng/ml) at 37°C for 15, 30, or 60 min. The distribution
of internalized HGF stained with anti-HGF a-chain antibody
and early endosomes with EEA1 antibody or lysosomes
stained with anti-cathepsin D antibody was then assessed by
confocal immunofluorescence microscopy. Early endosomes
and lysosomes were stained with anti-EEA1 antibody and
anti-cathepsin D antibody, respectively. In another case,
cells pretreated with or without Ephedrae herba extract were
starved for 3 h with RPMI without FBS at 37°C and then the
phosphorylation of MET was induced with HGF for 15, 30, or
60 min. The fixed cells were double-stained for p-MET with
anti-p-MET antibody and LAMP1 with anti-LIMP1 antibody.
In some cases, cells pretreated with Ephedrae herba extract
were incubated with 0.17 yM bafilomycin Al for 30 min and
then stimulated with HGF at 37°C for the indicated times, after
which further analysis was performed.

Western blot analysis. Protein samples were separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) and then transferred to polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA).
Following blocking, the membrane was blotted with the
appropriate antibody, and subsequently, horseradish peroxi-
dase-conjugated anti-mouse or anti-rabbit IgG (GE Healthcare
Bioscience, Tokyo, Japan) was applied. The final signal was
revealed by ECL chemiluminescence (Pierce, Rockford, IL,
USA). Digital images were analyzed with NIH Image software
to measure the density of each band without a saturated signal.

HGF-stimulated phosphorylated MET degradation. H1993
cells were starved for 12 h with RPMI without FBS at 37°C.
The serum-starved cells pretreated with or without Ephedrae
herba extract (100 pg/ml) for 2 h were preincubated for 30 min
in the presence of CHX (20 ug/ml), and then the cells were
incubated with HGF at 37°C for the indicated times. The
cells were washed with ice-cold-PBS and lysed, followed by
SDS-PAGE and western blot analysis.
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Statistical analysis. Data are expressed as mean + SD unless
otherwise noted. Significance (P<0.05) was determined by
using Student's t-test, since all data met all the assumptions for
parametric statistical analysis.

Results

Alteration of intracellular distribution of MET and phos-
phorylated MET in Ephedrae herba-pretreated NSCLC cells.
To examine the effect of Ephedrae herba on the intracellular
distribution of MET and phosphorylated (p)-MET in H1993
NSCLC cells harboring MET gene amplification and MET
overexpression (10), cells were pretreated with Ephedrae
herba extract (100 pg/ml) for 4 h at 37°C as described in
the Materials and methods. The control and Ephedrae herba
extract-pretreated cells were fixed, double-labeled with
antibodies against to MET or p-MET and sorting nexin-1
(SNX1) or lysosomal integral membrane protein (LAMP1),
and then analyzed by using confocal immunofluorescence
microscopy (Fig. 1A-D). We examined the intracellular distri-
bution of MET or p-MET with SNX1 as a marker of early
endosomes, since SNX1 consists of a family of sorting nexin
proteins, and approximately 25 human sorting nexins have
been identified (33). In addition, SNX1 is known to interact
with epidermal growth factor receptor (EGFR) (34) and are
localized in early endosomes (33). We also determined the
intracellular distribution of late endosomes/lysosomes by
using an antibody specific to LAMPI1, which is distributed
in the endocytic organelles at concentrations that are highest
in late endosomes/lysosomes, as has been reported for other
lysosomal glycoproteins (35,36).

Confocal immunofluorescence microscopy studies
revealed that MET was exclusively localized on the plasma
membrane at a cell-cell contact sites of H1993 cells; however,
no colocalization with organelle marker proteins such as
SNX1 or LAMPI1 was observed. These results indicate that
MET is mostly associated with the plasma membrane but
not with early endosomes or late endosomes in H1993 cells
(Fig. 1A and B). Further, an increased level of p-MET was
associated with the plasma membranes, and p-MET-positive
staining was not colocalized with other organelle marker
proteins (Fig. 1C and D). In contrast, the pretreatment of cells
with Ephedrae herba extract strongly decreased the intracel-
lular distribution of the plasma membrane-associated MET
and p-MET while the resultant MET and p-MET staining
was spread throughout the cytoplasm (Fig. 1A-D). Ephedrae
herba extract also led to the gradual disappearance of MET
and phosphorylated MET in the cells. Quantitative analysis
of the colocalization rate was performed and expressed as
the percentage of the integrated density of SNX1-positive
early endosomes (Fig. 1E) or LAMP1-positive late endosome/
lysosomes (Fig. 1F) colocalized with MET relative to total
MET (% total MET) in H1993 cells pretreated with or without
Ephedrae herba extract. Our data verified that colocalization
of MET with SNX1 (59.8+16.3 vs. 6.0+2.9% total MET) or
LAMPI (52.4+14.5 vs. 12.7+2.1% total MET) was markedly
higher in the Ephedrae herba extract-pretreated cells than
it was in the control cells. In addition, we observed that the
colocalization of p-MET and SNX1 (49.1+5.4 vs. 12.9+4.8%
total MET) or LAMP1 (47.3+£5.4 vs. 14.2+4.7% total MET)
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Figure 1. Effect of Ephedrae herba on intracellular distribution of MET and phosphorylated MET in the human H1993 gefitinib-resistant NSCLC cell line. The
H1993 cells, harboring MET overexpression, were pretreated with Ephedrae herba extract (EH; 100 ug/ml) for 4 h at 37°C. The cells in the control (-EH) or the
Ephedrae herba-pretreated groups (+EH) were fixed, double-labeled with antibodies specific to MET and SNX1 (A) or lysosomal integral membrane protein
(LAMP1) (B), p-MET and SNXI1 (C) or LAMP1 (D), and then analyzed by using confocal immunofluorescence microscopy as described in Materials and
methods. Superimposed images of MET or p-MET and each organelle marker protein are also shown. Each cell was stained with DAPI (blue) to reveal nuclei.
Bar, 10 gm. Right column shows the merged images of MET and SNX1 in (A), MET and LAMP1 (B), p-MET and SNX1 (C), or p-MET and LAMP1 (D) in
H1993 cells pretreated with or without Ephedrae herba extract, and white squares indicate enlarged regions. The white arrowheads indicate the MET-positive
staining distributed in the plasma membranes of H1993 cells, and the long white arrows indicate the merged confocal images as yellow color of MET or p-MET
and each organelle marker proteins spread throughout the cytoplasm of each cell. The bar diagrams in (E, F, G, and H) indicate the increase of colocalized
confocal images of MET or p-MET and each organelle marker proteins in H1993 cells pretreated with (black columns) or without (white columns) Ephedrae
herba extract. Values are the percentage of the integrated density of SNX1 or LAMP1-colocalizing MET compared to that of total MET in (E and F), and the
percentage of the integrated density of SNX1 or LAMP1-colocalizing p-MET compared to that of total p-MET in (G and H). The error bar denotes SD from
three separate experiments, and significance was determined using Student's t-test. Significant difference between the values "P<0.05; ““P<0.01. In H1993 cells,
MET and p-MET is exclusively localized in the plasma membrane at a cell-cell contact sites, however, no colocalization with organelle marker proteins such
as SNX1 and LAMPI is observed, suggesting that MET and p-MET is mainly associated with plasma membrane, but not with the early endosomes or late
endosomes. In contrast, the pretreatment of cells with Ephedrae herba extract led to a rapid loss of MET and p-MET in the cells, and the resultant MET and
p-MET staining was distributed throughout the cytoplasm.
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was also greater in the Ephedrae herba extract pre-treated cells
than it was in the control cells (Fig. 1G and H). These results
indicate that Ephedrae herba extract pretreatment abrogated
the expression of MET and p-MET in the H1993 cells and,
therefore, suggests that plasma membrane-associated MET or
p-MET might be rapidly endocytosed and sorted to the late
endosomes/lysosomes in Ephedrae herba extract-pretreated
H1993 cells.

Ephedrae herba stimulates HGF-induced MET and p-MET
endocytosis and subsequent degradation in human NSCLC
cells. We made a novel discovery in the present study that
the pretreatment of H1993 cells with Ephedrae herba extract
altered the intracellular distribution of plasma membrane-
associated MET and p-MET, which led to their gradual
disappearance from the cells. Therefore, we inferred that some
components of Ephedrae herba extract might have impaired
the mechanisms of MET endocytosis that is tightly regulated
by the early/late endocytic pathways.

Accordingly, to further substantiate the effect of Ephedrae
herba on the HGF-mediated disappearance of MET, we
investigated the endocytosis of HGF-induced MET in H1993
cells pretreated with or without Ephedrae herba extract. The
Ephedrae herba extract pretreated cells were stimulated with
HGF for 15, 30, or 60 min, and then double-stained for the
internalized HGF (with anti-HGF a-chain antibody), which is
regarded as HGF receptor (MET) and EEA1 (with anti-EEA1
antibody), which is a marker of early endosomes. Following its
stimulation, HGF is recognized by the HGF receptor (MET)
and then endocytosed via an endocytic pathway. Confocal
immunofluorescence analysis confirmed that a large propor-
tion of the intracellular HGF-positive staining disappeared in
the Ephedrae herba extract-pretreated cells after 15-min of
HGF-stimulation (Fig. 2A), indicating that Ephedrae herba
extract pretreatment caused the gradual disappearance of
MET in the cells. Furthermore, confocal immunofluores-
cence studies demonstrated the rapid endocytosis of HGF
and small punctate vesicles, which were positively stained
for internalized HGF and mostly overlapped with EEA1, and
were distributed in the cytoplasm of the cells pretreated with
Ephedrae herba extract for 15 min (Fig. 2A). The results of
the quantitative analysis of the relative expression levels of
HGF-positive to endogenous EEA1 staining in H1993 cells
pretreated with or without Ephedrae herba extract showed
fold changes of 0.73+0.1 vs. 2.2+0.5, 0.7+0.1 vs. 2.7+0.9, and
0.5+0.1 vs. 2.5+0.2 after 15, 30, 60 min of HGF-stimulation,
respectively (Fig. 2D).

In contrast, endocytosis of HGF was considerably
suppressed, and the internalized HGF remained localized in
the plasma membranes after control cells were stimulated for
15 min with HGF (Fig. 2A). Furthermore, the endocytosed
HGF-positive staining was still accumulated and colocalized
with EEAl-positive early endosomes 60 min after internaliza-
tion (Fig. 2C). The colocalization rate results confirmed that
EEAl-colocalized MET was higher in the cells pretreated
with Ephedrae herba extract than it was in the untreated cells
after 30 and 60 min (36.5+12.8 vs. 29.2+5.4% total MET
and 52.3+8.3 vs. 30.4+2.4% total MET) of HGF stimulation,
respectively (Fig. 2E). These results show that Ephedrae
herba extract pretreatment stimulated cellular HGF-induced
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MET endocytosis and subsequent degradation, resulting in
decreased MET protein expression.

We also examined the effect of Ephedrae herba extract
on the HGF-induced p-MET endocytosis likely mediated by
the early/late endocytic pathways in H1993 cells. The cells
were stimulated with HGF for 15, 30, or 60 min, and then
double-stained for the internalized p-MET and LAMP1
(late endosome/lysosome marker) with anti-p-MET and
anti-LAMPI1 antibodies, respectively. The results revealed
that a large proportion of p-MET was mostly associated with
the plasma membranes of the non-pretreated cells and colo-
calization of p-MET with LAMPI1 was not discernible even
after stimulation for 60 min (Fig. 3). However, a consider-
able proportion of the intracellular p-MET-positive staining
disappeared in the Ephedrae herba extract-pretreated cells
after 15-min HGF-stimulation (Fig. 3A-C), indicating that
the pretreatment of cells with Ephedrae herba extract almost
depleted cellular p-MET.

Noteworthy, we observed a rapid endocytosis of p-MET
that clearly overlapped with LAMPI staining in the cytoplasm
of the cells pretreated with Ephedrae herba extract after 15-
and 30-min HGF stimulation (Fig. 3A and B). In contrast,
p-MET endocytosis was inhibited and a considerable amount
of p-MET staining remained associated with the plasma
membranes even 60 min after HGF stimulation of the control
cells (Fig. 3C). The Ephedrae herba extract-induced endocytic
trafficking of p-MET observed was consistent with the effect of
the extract on MET endocytosis in H1993 cells. The results of
the quantitative analysis of the expression of p-MET staining
relative to endogenous LAMP1 with or without Ephedrae
herba extract pretreatment showed fold changes of 0.4+0.1 vs.
3.1+0.4, 0.5+0.1 vs. 2.7+0.9, and 0.5+0.1 vs. 2.7+0.9 after 15,
30, and 60 min of HGF-stimulation, respectively (Fig. 3D).
The colocalization rate determination further confirmed that
LAMPI-colocalized p-MET is greater in the cells pretreated
with Ephedrae herba extract than it was in the untreated
cells after both 30 and 60 min HGF stimulation (36.9+10.3
vs. 8.5+2.6 and 34.949.3 vs. 12.2+1.6% total p-MET, respec-
tively, Fig. 3E). These results show that some components of
Ephedrae herba extract might have stimulatory activity on both
HGF-induced MET and p-MET endocytosis and subsequently
induce their degradation in human lung cancer cells.

Lysosomal inhibitor attenuates Ephedrae herba-stimulated
MET endocytosis and MET degradation in human NSCLC
cells. To further explore the mechanism by which Ephedrae
herba stimulates the endocytosis of MET or p-MET and their
subsequent degradation in H1993 cells, we determined if the
lysosomal inhibitor, bafilomycin Al, prevented the accelerated
degradation of MET or p-MET in cells pretreated with or
without Ephedrae herba extract. Cells were pretreated with or
without Ephedrae herba extract for 2 h, incubated with bafilo-
mycin Al for 30 min, and then were stimulated with HGF for
30 or 60 min followed by co-staining for HGF and cathepsin D
or p-MET and LAMPI. The results illustrated in the confocal
images showed an apparent increase in the colocalization of
HGF and cathepsin D as well as p-MET and LAMP1 in the
presence of bafilomycin Al in the Ephedrae herba extract-
pretreated cells after 30 or 60 min of HGF stimulation (Fig. 4A
and B). The determination of the colocalization rate confirmed
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Figure 2. Ephedrae herba stimulates HGF-induced MET endocytosis and subsequent downregulation in H1993 cells. H1993 cells were pretreated with or
without Ephedrae herba extract (EH; 100 ug/ml) for 2 h at 37°C, and the cells in the untreated or the Ephedrae herba extract-pretreated groups were then
incubated with HGF (50 ng/ml) at 37°C for (A) 15 min, (B) 30 min, or (C) 60 min, and the distribution of internalized HGF stained with anti-HGF a-chain
antibody and early endosomes stained with anti-EEA1 antibody was then assessed by confocal immunofluorescence microscopy after fixation of the cells
as described in Materials and methods. Superimposed images of the internalized HGF (green) with EEA1 (red) are shown. Each cell was stained with DAPI
(blue) to reveal the nuclei. Right column shows the merged images for double staining of HGF (green) and EEAL1 (red), and white squares indicate enlarged
regions. The long white arrows indicate the merged confocal images as yellow color of HGF- and EEA1-positive staining in the cells. (D) Quantitative analysis
for the expression levels of HGF-positive staining relative to endogenous EEA1 staining in H1993 cells pretreated with or without Ephedrae herba extract
(EH) after 15-, 30-, 60-min HGF stimulation are shown. Values are the fold-decrease of HGF-positive staining relative to total EEA1-positive staining in the
cells. (E) The colocalization of HGF and EEA1 in H1993 cells pretreated with or without Ephedrae herba extract after 30-min or 60-min HGF-stimulation are
shown. Values are the percentage of the integrated density of EEA1 that colocalizes with HGF compared to that of total HGF. The error bar denotes SD from
three separate experiments, and significance was determined using Student's t-test. Significant difference between the values “P<0.05; “P<0.01.
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Figure 3. Ephedrae herba stimulates HGF-induced phosphorylated MET endocytosis via the early/late endocytic pathways in H1993 cells. H1993 cells were
pretreated with or without Ephedrae herba extract (EH; 100 ug/ml) for 2 h at 37°C, and the cells in the untreated or the Ephedrae herba extract-treated groups
were then incubated with HGF (50 ng/ml) at 37°C for (A) 15 min, (B) 30 min, or (C) 60 min. The distribution of internalized p-MET stained with anti-p-MET
antibody and late endosomes stained with anti-LAMPI1 antibody was then assessed by confocal immunofluorescence microscopy after fixation of the cells as
described in Materials and methods. Superimposed images of the internalized p-MET (green) with LAMP1 (red) are shown. Each cell was stained with DAPI
(blue) to reveal nuclei. Right column shows the merged images for double staining of p-MET (green) and LAMPI (red), and white squares indicate enlarged
regions. The long white arrows indicate the merged confocal images as yellow color of p-MET- and LAMPI-positive staining in the cells. (D) Quantitative
analysis for the expression levels of p-MET-positive staining relative to endogenous LAMP1 staining in H1993 cells pretreated with or without Ephedrae
herba extract after 15-, 30-, or 60-min HGF-stimulation are shown. Values are the fold-decrease of p-MET-positive staining relative to total EEA-positive
staining in the cells. (E) The colocalization of p-MET and LAMPI in H1993 cells pretreated with or without Ephedrae herba extract after 30-min or 60-min
HGF-stimulation are shown. Values are the percentage of the integrated density of LAMPI that colocalizes with p-MET compared to that of total p-MET.
The error bar denotes SD from three separate experiments, and significance was determined using Student's t-test. Significant difference between the values
“P<0.05; “P<0.01.
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Figure 4. Bafilomycin Al suppresses HGF-stimulated endocytosis of MET and phosphorylated MET in the Ephedrae herba extract-pretreated H1993 cells.
H1993 cells were pretreated with Ephedrae herba extract (EH; 100 pg/ml) for 2 h at 37°C. (A) The cells were then incubated with HGF (50 ng/ml) at 37°C for
15, 30, or 60 min. The distribution of internalized HGF stained with anti-HGF a-chain antibody and lysosomes stained with anti-cathepsin D antibody was
then assessed by confocal immunofluorescence microscopy after fixation of the cells as described in Materials and methods. Superimposed images of the
internalized HGF (green) with cathepsin D (red) are shown. (B) The cells were incubated with HGF (50 ng/ml) at 37°C for 30 min or 60 min. The distribution of
internalized p-MET stained with anti-p-MET antibody and late endosomes stained with anti-LAMP]1 antibody was assessed by confocal immunofluorescence
microscopy after fixation of the cells. Superimposed images of the internalized p-MET (green) with LAMP1 (red) are shown. Each cell was stained with DAPI
(blue) to reveal the nuclei. Superimposed images of the internalized p-MET (green) with LAMP1 (red) are shown. Each cell was stained with DAPI (blue) to
reveal the nuclei. Right column shows the merged images for double staining of HGF and cathepsin D in (A) or p-MET and LAMP1 in (B), and white squares
indicate enlarged regions. The long white arrows indicate the merged confocal images as yellow color of HGF- and cathepsin D-positive staining in (A) or
p-MET- and LAMPI-positive staining in (B). (C) Quantitative analysis of colocalization between HGF and cathepsin D or p-MET and LAMP1 after 30-min
(white column) or 60-min (black column) HGF-stimulation in the Ephedrae herba-pretreated cells. Left panel, values are the percentage of the integrated den-
sity of cathepsin D-colocalizing HGF compared to that of total HGF. Right panel, values are the percentage of the integrated density of LAMPI-colocalizing
p-MET compared to that of total p-MET. Error bar denotes SD of three separate experiments.

that cathepsin D-colocalized HGF (60.2+8.1% total HGF) and  stimulation (Fig. 4C) than in cells not treated with the lysosomal
LAMPI-colocalized p-MET (39.2+6.5% total p-MET) were inhibitor. These results indicate that baflilomycin Al treatment
apparently higher in the cells in the presence of bafilomycin Al  considerably blocked the HGF-induced MET and p-MET
and Ephedrae herba extract-pretreatment after 60 min of HGF  endocytosis, leading to the increased amounts of colocalized



INTERNATIONAL JOURNAL OF ONCOLOGY 48: 1895-1906, 2016

staining of both with LAMPI-positive late endosomes/lyso-
somes in the cells. Furthermore, this observation suggests
that some components of Ephedrae herba extract might have
stimulatory activity on the HGF-induced MET and p-MET
endocytosis and subsequent degradation likely was mediated
via the early/late endocytic pathways.

Activation of MET and its downstream signaling are inhibited
by Ephedrae herba following HGF stimulation of human
NSCLC cells. Our confocal immunofluorescence microscopy
study described above demonstrated that Ephedrae herba
extract considerably stimulated the endocytosis of MET
and p-MET and subsequent degradation via the early/late
endocytic pathways in H1993 cells following HGF stimula-
tion. Therefore, we hypothesized that Ephedrae herba might
suppress MET activation and subsequently inhibit the succes-
sive PI3K-AKT signaling pathway.

To investigate this hypothesis, we analyzed the effect of
Ephedrae herba extract pretreatment on the phosphorylation
of AKT or p44/42 MAPK. Cells pretreated with or without
Ephedrae herba extract were stimulated with HGF at 37°C
for the indicated times. The lysates were analyzed with
anti-p-MET, anti-p-AKT*%, or anti-p-p44/42 MAPK anti-
bodies by western blot analysis.

As shown in Fig. SA and B, we observed an increase in
MET phosphorylation even without HGF stimulation (0 h),
and the increased levels of p-MET protein persisted in the
cells over the 4-h incubation. The human NSCLC cell line
H1993, which harbors MET gene amplification, was reported
to overexpress MET receptors that were constitutively phos-
phorylated (10). Therefore, the increased MET phosphorylation
we observed even without HGF stimulation is consistent with
the previous findings (10). On the contrary, Ephedrae herba
extract pretreatment markedly suppressed the HGF-induced
MET phosphorylation and p-MET was decreased by 35, 43,
and 71% at 0, 1, and 4 h, respectively after HGF stimulation
(Fig. 5A and B).

In addition, a rapid increase in p-AKT*"? was observed in
the untreated cells, and the level increased up to 24-fold that
of the basal level after 2 h of HGF stimulation. In addition,
this effect was sustained during the following 4-h incubation
period (Fig. 5A and B). However, Ephedrae herba extract
pretreatment significantly suppressed AKT®*® phosphoryla-
tion, and p-AKT®* was decreased by 95, 80, and 94% at 1, 2,
and 4 h, respectively after HGF stimulation (Fig. SA and B).
Furthermore, an increase in p-p44/42 MAPK was observed in
the untreated cells, with the level attaining a 4.3-fold increase
compared to the basal level after at 0.5 h of HGF stimulation;
however, this effect gradually decreased during the 4-h incuba-
tion period (Fig. SA and B). The inhibitory effect of Ephedrae
herba extract on the expression of p-p44/42 MAPK was also
evident in the cells, and p-p44/42 MAPK was decreased by 93,
88, and 93% at 0.5, 1, and 4 h, respectively after HGF stimula-
tion (Fig. 5A and B). These results indicate that Ephedrae herba
extract had a strong inhibitory effect on MET phosphorylation
and subsequent activation of the PI3K-AKT activation pathway
in H1993 cells.

Next, we further analyzed the effect of Ephedrae herba
extract on the HGF-induced degradation of MET in H1993
cells using western blot. As shown in Fig. 5, we found a gradual
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HGF-dependent degradation of MET in the Ephedrae herba
extract pretreated cells, and MET expression decreased by 8§,
23, and 33% at 1, 2, and 4 h after HGF stimulation (Fig. SA
and B). In contrast, HGF-dependent MET degradation was not
seen in the untreated cells. Furthermore, it should be noted that
the protein expression levels of AKT and p44/42 MAPK were
not changed by Ephedrae herba extract pretreatment during the
4-h incubation with HGF, indicating that Ephedrae herba might
selectively stimulate the HGF-dependent downregulation of
MET/p-MET via the early/late endocytic pathways.

Discussion

In the present study, we evaluated the novel role of Ephedrae
herba and demonstrated that it exerted a considerable suppres-
sive effect on the phosphorylation of MET, leading to the
loss of MET and p-MET in human H1993 NSCLC cells.
Using confocal immunofluorescence microscopy, we found a
significant reduction of endogenous MET and p-MET protein
expression in H1993 cells pretreated with Ephedrae herba
extract for 4 h. Furthermore, MET and p-MET was exclusively
localized in the plasma membrane at a cell-cell contact sites
in H1993 cells and no colocalization was observed with the
early endosomes or late endosomes/lysosomes. The pretreat-
ment of cells with Ephedrae herba extract markedly decreased
the levels of plasma membrane-associated MET and p-MET,
and the resultant intracellular MET/p-MET staining was
distributed throughout the cytoplasm, and large amounts
were clearly colocalized with the early/late endosome marker
proteins (SNX1 and LAMPI). These results demonstrate that
pretreatment of cells with Ephedrae herba extract inhibited
MET phosphorylation and induced the loss of MET. Moreover,
the results also suggest that plasma membrane-associated
MET and p-MET might be rapidly endocytosed in the extract-
treated cells following HGF-stimulation, and then subsequently
sorted to endosomes/lysosomes. This assumption was further
confirmed by the observation that bafilomycin Al treatment
considerably blocked HGF-induced MET and p-Met endo-
cytosis followed by their degradation in the Ephedrae herba
extract-pretreated cells.

We further used western blot analysis to demonstrate that
Ephedrae herba extract pretreatment markedly suppressed
MET phosphorylation following HGF stimulation during the
4-h incubation (Fig. 5). We also showed evidence that MET
protein gradually disappeared from the cells during the 4-h
stimulation with HGF. In contrast, HGF-dependent MET degra-
dation was not observed in the non-pretreated cells. Previous
studies showed MET gene amplification and overexpression of
MET receptors, which were constitutively phosphorylated and
activated in a human H1993 NSCLC cell line (10). Therefore,
our results showing the suppression of MET phosphorylation
by Ephedrae herba during HGF stimulation might be attribut-
able to the enhanced endocytic translocation of MET/p-MET
from the plasma membranes via early endosomes to late
endosomes/lysosomes. Alternatively, we also postulated that
Ephedrae herba might be able to suppress MET phosphoryla-
tion followed by its downregulation without HGF stimulation
in H1993 cells. Here, we also showed that Ephedrae herba
significantly suppressed the phosphorylation of AKTS*"* and
p44/42 MAPK during the 4-h incubation with HGF (Fig. 5).
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Figure 5. Effect of Ephedrae herba on the activation of MET tyrosine kinase receptor and downstream signaling in human H1993 NSCLC cell line.
(A) Expression of p-MET, p-AKT (Ser473), p-MAPK (p-p44/42 MAPK), total MET, total AKT, and total p44/42 MAPK (MAPK) before and after 0.5, 1,2, or
4 h of HGF stimulation in H1993 cells pretreated with or without Ephedrae herba extract was determined by western blotting. 3-actin was used as a loading
control. (B) The quantitative analysis of the western blots is shown. Relative expression levels of p-MET, p-AKT (Ser473), p-MAPK (p-p44/42 MAPK), total
MET, total AKT, and total p44/42 MAPK (MAPK) are shown and the values are normalized to each phosphorylated or unphosphorylated protein before HGF
stimulation in H1993 cells. In the case of p-MAPK, the relative expression levels of phosphorylated form of p44/42 MAPK (upper band) was determined. The
results shown are representative of three independent experiments. p-MET, phosphorylated human MET tyrosine kinase receptor; p-AKT, phosphorylated
AKT (protein kinase B); p-MAPK, phosphorylated p44/42 MAPK.
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These results indicate that Ephedrae herba might have a selec-
tive inhibitory effect on MET phosphorylation and subsequent
activation of the PI3K-AKT and RAS/MAPK activation
pathways in H1993 cells. Furthermore, our data also support
previous findings that Ephedrae herba inhibits HGF-induced
cancer cell motility via suppression of HGF/Met-Akt signaling
through the reduction of MET tyrosine kinase activity in
human MDA-MB-231 breast cancer cells (23,24).

We recently reported the novel observation that large
amounts of SNXI1, a family of sorting nexin proteins that
are believed to play a role in the endocytic trafficking of
EGFR (33,34), are localized in the aggregated vesicular struc-
tures of early endosomes where the internalized p-EGFR is
also accumulated (30,31). Furthermore, we reported that the
depletion of endogenous SNX1 by siRNA stimulates endocy-
tosis and the ligand-induced downregulation of MET/p-MET
and EGFR/p-EGFR while it increases p-MET and p-EGFR
protein expression in gefitinib-resistant cells (19,32).
Accordingly, we postulate that SNX1 might negatively regu-
late ligand-dependent downregulation of MET and EGFR
as well as their phosphorylation via the early/late endocytic
pathways in human lung cancer cells. Therefore, our present
data demonstrating the suppressive role of Ephedrae herba
on the phosphorylation of MET and its subsequent enhanced
downregulation appear consistent with those demonstrating
the role of SNX1 in HGF-induced phosphorylation and
endocytosis of MET via the endocytic pathway in human
lung cancer cells (19,32). Although the detailed mechanisms
underlying the effect of Ephedrae herba on endocytic traf-
ficking of transmembrane tyrosine kinase receptors such as
MET remain unclear, we inferred that some of its components
might perturb the tightly regulated processes involved in the
ligand-induced MET endocytosis via the early/late endocytic
pathways in the cells.

Engelman et al (9) previously reported that MET ampli-
fication leads to acquired resistance to gefitinib and erlotinib
in patients with lung cancer by activating erb-b2 receptor
tyrosine kinase 3 (ERBB3) signaling. In addition, another
study reported that MET amplification occurs with or without
a representative secondary T790M mutation in EGFR mutant
lung tumors with acquired resistance to gefitinib or erlo-
tinib (37). Accordingly, we inferred that pretreatment of the
cells with Ephedrae herba extract enhanced the downregula-
tion of HGF-stimulated MET, which might have affected the
sensitivity of the human NSCLC cells to the EGFR-tyrosine
kinase inhibitor (TKI), gefitinib. In the present study, the
identification and characterization of the main biologically
active constituents of the Ephedrae herba extract proved to
be difficult due to its complex composition. Further studies
to identify and investigate the compounds in Ephedrae herba
that are biologically active against HGF/MET activation and
signaling in NSCLC cell lines are now in progress.
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