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Considering the role of proto-oncogene c-Met (c-Met) in
oncogenesis, we examined the effects of the metastasis suppres-
sor, N-myc downstream-regulated gene-1 (NDRG1), and two
NDRG1-inducing thiosemicarbazone-based agents, Dp44mT
and DpC, on c-Met expression in DU145 and Huh7 cells.
NDRG1 silencing without Dp44mT and DpC up-regulated
c-Met expression, demonstrating that NDRG1 modulates c-Met
levels. Dp44mT and DpC up-regulated NDRG1 by an iron-de-
pendent mechanism and decreased c-Met levels, c-Met phos-
phorylation, and phosphorylation of its downstream effector,
GRB2-associated binding protein 1 (GAB1). However, incuba-
tion with Dp44mT and DpC after NDRG1 silencing or silencing
of the receptor tyrosine kinase inhibitor, mitogen-inducible
gene 6 (MIG6), decreased c-Met and its phosphorylation, sug-
gesting NDRG1- and MIG6-independent mechanism(s). Lyso-
somal inhibitors rescued the Dp44mT- and DpC-mediated
c-Met down-regulation in DU145 cells. Confocal microscopy
revealed that lysosomotropic agents and the thiosemicarba-
zones significantly increased co-localization between c-Met and
lysosomal-associated membrane protein 2 (LAMP2). Moreover,

generation of c-Met C-terminal fragment (CTF) and its intracel-
lular domain (ICD) suggested metalloprotease-mediated cleav-
age. In fact, Dp44mT increased c-Met CTF while decreasing the
ICD. Dp44mT and a �-secretase inhibitor increased cellular
c-Met CTF levels, suggesting that Dp44mT induces c-Met CTF
levels by increasing metalloprotease activity. The broad metal-
loprotease inhibitors, EDTA and batimastat, partially prevented
Dp44mT-mediated down-regulation of c-Met. In contrast, the
ADAM inhibitor, TIMP metallopeptidase inhibitor 3 (TIMP-3),
had no such effect, suggesting c-Met cleavage by another metal-
loprotease. Notably, Dp44mT did not induce extracellular
c-Met shedding that could decrease c-Met levels. In summary,
the thiosemicarbazones Dp44mT and DpC effectively inhibit
oncogenic c-Met through lysosomal degradation and metallo-
protease-mediated cleavage.

Receptor tyrosine kinases (RTKs)5 are important regulators
of proliferation, differentiation, cell survival, cell metabolism,
cell migration, and cell-cycle progression (1). Despite their crit-
ical roles in normal physiology, these molecules have been
shown to potently drive cancer progression when they are
either mutated or amplified in tumor cells (2, 3).

The hepatocyte growth factor receptor (also termed MET or
c-Met) has been shown to regulate multiple oncogenic path-
ways, including signal transducer and activator of transcription
3 (STAT3), Ras/Raf/MEK/ERK, PI3K/AKT/mTOR, and NF-�B
pathways, leading to cancer cell migration and invasion (4, 5),
proliferation (5), and survival (6, 7). Studies have shown that
c-Met is involved in cross-talk with several key oncogenic path-
ways that synergistically drive cancer progression and develop-
ment of drug resistance (8, 9). Considering the crucial role
c-Met plays in cancer, it is vital to target this molecule for effec-
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tive management of malignant tumors, particularly drug-resist-
ant cancers.

The regulation of c-Met expression is complex, with the pro-
tein being reported to be processed by internalization, endocy-
tosis, and lysosomal degradation (10), but also via the protea-
somal pathway (11). More recently, it has been suggested that
membrane-bound metalloproteinases of the a disintegrin and
metalloproteinase (ADAM) family (12) could be involved in
c-Met degradation at the extracellular level (13). This is because
these proteases are major mediators of cell-surface protein
shedding during tumor progression, which interferes with
intracellular signaling (13). In fact, ADAM10 is the protease
regulating spontaneous c-Met shedding, as its knockdown
leads to increased cell-surface levels of c-Met in vitro (14).
ADAM17 has also been proposed as another mediator involved
in shedding (15). Additionally, c-Met has been recently been
described to be cleaved by metalloproteases both intracellularly
(e.g. in lysosomes) and also at the extracellular level at the
plasma membrane by metalloproteases (e.g. ADAM10,
ADAM17, etc.), leading to the generation of a C-terminal frag-
ment (CTF) (14 –17).

Novel agents of the di-2-pyridylketone thiosemicarbazone
(DpT) series, namely di-2-pyridylketone 4,4-dimethyl-3-thio-
semicarbazone (Dp44mT) and di-2-pyridylketone 4-cyclo-
hexyl-4-methyl-3-thiosemicarbazone (DpC; Fig. 1A), are mem-
bers of a class of clinically trialed anti-cancer agents (18) that
potently suppress tumor growth and metastasis in vitro and in
vivo in a variety of cancer types (19 –25). Our recent studies
have demonstrated that these agents effectively down-regulate
EGFR and other ErbB family receptors (i.e. HER2 and HER3)
and inhibit their activities in pancreatic and colon cancers (26,
27). Furthermore, these agents inhibit STAT3 (28), Ras/ERK
(29), AKT (30, 31), and NF-�B (30, 32) pathways, which are
downstream signaling pathways of c-Met (3). These findings
suggest the novel DpT analogues may modulate c-Met protein
levels in cancer.

In this investigation, we examined the effect of the DpT
agents on c-Met expression in prostate cancer and hepatocel-
lular carcinoma (HCC) cells. Previous investigations have
shown c-Met exerts oncogenic effects in both prostate cancer
(33, 34) and HCC (35). A putative metastasis suppressor,
N-myc downstream-regulated gene-1 (NDRG1), is an impor-
tant molecular target of the DpT class of agents (20, 36). There-
fore, we initially aimed to examine whether NDRG1 affects
c-Met expression in these latter cancer types and the molecular
nature of the effect.

Herein, for the first time, we demonstrate that Dp44mT and
DpC, which are effective metal chelators (37–39) and desfer-
rioxamine (DFO; Fig. 1A), a well-characterized iron chelator
(40), potently down-regulate c-Met expression in prostate can-
cer and HCC cells. Furthermore, silencing NDRG1 in cancer
cells significantly increased c-Met protein expression and phos-
phorylation, but it did not inhibit the chelator-mediated down-
regulation of c-Met. Three lysosomotropic agents, which inter-
rupt lysosomal degradation, significantly inhibited the ability of
the chelators to decrease c-Met levels, suggesting the role of
lysosomal processing. Incubation with Dp44mT increased the
levels of c-Met CTF, a metalloprotease cleavage product of

c-Met (14 –16), indicating that Dp44mT may induce higher
rates of c-Met shedding in cancer cells. However, no increase in
extracellular shedding of c-Met was observed after incubation
with Dp44mT, suggesting a role for intracellular shedding and
lysosomal degradation.

Results

NDRG1 silencing increases c-Met protein levels in prostate
cancer and HCC cells

The initial aim of this investigation was to examine the effect
of NDRG1 silencing on c-Met expression in cancer cells. To
elucidate these aims, the NDRG1 gene was silenced in c-Met-
expressing DU145 and Huh7 cells using siNDRG1 and com-
pared with the nontargeting, negative control siRNA (si-
Control). Then, cells were either incubated in media alone or
media containing HGF (50 ng/ml) for 15 min at 37 °C, which
induces c-Met phosphorylation (41). Protein levels of c-Met
and its phosphorylated forms were then examined using West-
ern blotting (Fig. 1, B–E).

First, in DU145 cells, upon silencing NDRG1, NDRG1 pro-
tein levels were significantly reduced relative to the siControl in
the presence or absence of HGF (Fig. 1, B and Ci). Two major
bands were detected for NDRG1 protein at 41 and 46 kDa in
DU145 cells, as reported previously (42). Notably, only the top
NDRG1 band was silenced after treatment with siNDRG1, as
demonstrated previously by our laboratory (27, 31, 43). A sec-
ond NDRG1 siRNA (i.e. NDRG1 II) demonstrated the same
effect (Fig. S1, A and B). These two NDRG1 bands are the result
of differential processing (44) and represent NDRG1 truncated
at the N terminus and the full-length NDRG1 isoform, respec-
tively (42, 43). Notably, HGF stimulation did not significantly
affect NDRG1 expression relative to nonstimulated HGF(�)
cells (Fig. 1, B and Ci).

Examining the c-Met protein, two major bands were
detected at �140 and 170 kDa (Fig. 1B). The 170-kDa band
represents the single-chain c-Met precursor, whereas the
�140-kDa band corresponds to the �-subunit of the mature
190-kDa c-Met protein (45, 46). Both the 140- and 170-kDa
bands of c-Met were significantly increased in siNDRG1 cells
versus siControl cells in the presence or absence of HGF (Fig. 1,
B and Ci). Furthermore, HGF stimulation did not significantly
change the total c-Met protein levels when compared with non-
stimulated HGF(�) cells (Fig. 1, B and Ci).

Assessing c-Met phosphorylated at Y1003, Y1234/5, or
Y1349, as expected, HGF stimulation significantly increased
phosphorylation of c-Met at all sites compared with nonstimu-
lated DU145 cells (Fig. 1, B and Ci). The phosphorylation at
Y1003 results in recruitment of casitas b-lineage lymphoma lead-
ing to c-Met ubiquitination and endocytosis and its degradation
via a lysosome-mediated pathway (10). In contrast, phosphoryla-
tion at Y1234/5 and Y1349 is involved in recruitment and activa-
tion of downstream effector molecules, such as growth factor
receptor-bound protein 2 (Grb2), Grb2-associated-binding pro-
tein 1 (Gab1), phospholipase C, and Src (3). Importantly, NDRG1
silencing significantly increased phosphorylation of c-Met at
Y1003, Y1234/5, and Y1349 relative to the respective siControl in
the presence of HGF (Fig. 1, B and Ci).
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Investigating the effect of NDRG1 silencing on c-Met expres-
sion in Huh7 HCC cells, NDRG1 protein was significantly
reduced in siNDRG1 cells relative to siControl cells in the pres-
ence or absence of HGF (Fig. 1, D and Ei). Similarly to DU145

cells, NDRG1 silencing significantly increased c-Met expres-
sion in Huh7 cells (Fig. 1, D and Ei). Upon HGF stimulation of
siControl cells, there was a significant increase in phosphoryla-
tion at Y1234/5 and Y1349, and a slight increase at Y1003 versus

Figure 1. A, line drawings of the chemical structures of the agents used in this investigation, and B–E, NDRG1 silencing increases c-Met protein
expression and its phosphorylation levels at multiple sites (Y1003, Y1234/5, and Y1349). A, line drawings of the chemical structures of DFO, Bp2mT,
Dp44mT, and DpC. DU145 (B and C) and Huh7 (D and E) cells were incubated with Opti-MEM media containing nontargeting, negative control siRNA (siControl)
or siRNA specific for NDRG1 (siNDRG1) as per “Experimental procedures.” The cells were then incubated in normal media alone without hepatocyte growth
factor (HGF(�)) or media containing HGF (50 ng/ml; HGF (�)) for 15 min at 37 °C. Densitometric analyses of Western blottings for DU145 (C) and Huh7 (E) cells
are mean � S.E. (n � 3) normalized to �-actin, which was used as a protein-loading control. Phosphorylation levels for c-Met are presented both relative to
�-actin and as a ratio of total c-Met protein levels. *, p � 0.05; **, p � 0.01; ***, p � 0.001 relative to the respective siControl. #, p � 0.05; ## p � 0.01; and ###,
p � 0.001 relative to the HGF(�)-treated cells.
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the respective HGF(�) conditions (Fig. 1, D and Ei). Notably,
NDRG1 silencing significantly increased c-Met phosphoryla-
tion at all sites relative to the respective siControl in the pres-
ence of HGF (Fig. 1, D and Ei). Similarly, the second NDRG1
siRNA (i.e. NDRG1 II) demonstrated the same effect on
increasing c-Met phosphorylation at all sites in DU145 and
Huh7 cells (Fig. S1, A and B).

There are two potential mechanisms regarding how
silencing NDRG1 could increase c-Met phosphorylation: 1)
by increasing total c-Met protein levels; and/or 2) by increas-
ing phosphorylation at the specific sites examined. To clarify
which of the above mechanisms is responsible for the
increase in c-Met phosphorylation, ratios of phosphorylated
c-Met to the total c-Met were calculated (Fig. 1, Cii and Eii).
Indeed, the ratios were generally significantly increased for all
phosphorylation sites by HGF stimulation under both siCon-
trol and siNDRG1 conditions in DU145 and Huh7 cells relative
to unstimulated cells (Fig. 1, Cii and Eii). In both cell types, the
phosphorylated to total c-Met ratio at all sites was generally not
significantly altered after siNDRG1 relative to the siControl
after HGF stimulation (Fig. 1, Cii and Eii). The only exception
to this was for the p-c-Met Y1234/5 to total c-Met ratio in
DU145 cells, where a slight but significant increase was
observed for siNDRG1 versus the siControl (Fig. 1Cii). Thus, in
general, the increased total c-Met after siNDRG1 treatment
observed with HGF stimulation could be responsible for the
increased phosphorylation at Y1003, Y1234/5, and Y1349
found under these conditions in both cell types (Fig. 1, Ci and
Ei). Together, the results in Fig. 1 demonstrate that NDRG1
silencing markedly increased c-Met expression and phos-
phorylation at Y1003, Y1234/5, and Y1349 in DU145 or
Huh7 cells.

Thiosemicarbazones down-regulate c-Met protein in prostate
cancer and HCC cells

Our laboratory has demonstrated that novel anti-cancer
agents of the DpT class (i.e. Dp44mT or DpC; Fig. 1A) that
potently up-regulate NDRG1 and its phosphorylation (21) can
inhibit oncogenic pathways mediated by tyrosine kinases via
both NDRG1-dependent and -independent mechanism(s)
depending upon the thiosemicarbazone examined (26, 28).
Therefore, it was important to examine whether the DpT
agents could affect c-Met expression and activation in DU145
and Huh7 cells (Fig. 2).

In these studies, the DpT analogue, 2-benzoylpyridine
2-methyl-3-thiosemicarbazone (Bp2mT; Fig. 1A; 5 �M), was
used as a negative control, as it has a similar chemical structure
to Dp44mT and DpC (Fig. 1A), but it was specifically designed
not to bind metal ions (47). Cells were incubated with Bp2mT (5
�M), Dp44mT (5 �M), DpC (5 �M), or DFO (100 �M; Fig. 1A) for
24 h at 37 °C. Notably, DFO was used at a higher concentration
due to its poor membrane permeability compared with the lipo-
philic, highly membrane-permeable agents, Dp44mT and DpC
(19, 30, 48, 49). Following this incubation, cells were either
incubated with medium containing HGF (50 ng/ml) or medium
alone for 15 min at 37 °C.

DU145 cells

Examining DU145 prostate cancer cells, DFO, Dp44mT and
DpC markedly and significantly up-regulated NDRG1 expres-
sion compared with the Control in the presence or absence of
HGF (Fig. 2, A and Bi). Incubation of cells with the chelators,
DFO, Dp44mT, or DpC, up-regulated the 46-kDa full-length
NDRG1 isoform, but not the 41-kDa truncated form (Fig. 2, A
and Bi), as shown previously (21). Upon examining c-Met
expression in the presence or absence of HGF, DFO signifi-
cantly decreased the 170-kDa c-Met precursor and the 140-kDa
�-chain of c-Met (Fig. 2, A and Bi). Furthermore, Dp44mT and
DpC were more potent than DFO and markedly and signifi-
cantly reduced levels of the 170- and 140-kDa c-Met versus the
Control (Fig. 2, A and Bi).

Considering the down-regulation of total c-Met with the
agents, which could be due to increased degradation, it was
considered important to also examine c-Met phosphorylation
at Y1003, which is involved in lysosome-mediated degradation
of c-Met (10) and also Y1234/5 and Y1349 that are involved in
downstream c-Met signaling (3) (Fig. 2, A and B). Of note, phos-
phorylation at Y1003, Y1234/5, and Y1349 was significantly
increased by HGF stimulation in DU145 cells relative to all the
corresponding HGF(�) treatments (Fig. 2, A and Bi). However,
DFO and particularly Dp44mT and DpC significantly reduced
c-Met phosphorylation at all three sites examined versus the
HGF-stimulated Control (Fig. 2, A and Bi).

To clarify which mechanism is responsible for the reduction
in c-Met phosphorylation (i.e. decreased c-Met total protein or
a specific inhibition of phosphorylation), ratios of phosphory-
lated c-Met to the total c-Met were calculated (Fig. 2Bii). The
ratios were significantly increased for the three phosphoryla-
tion sites by HGF stimulation under all conditions versus the
unstimulated cells (Fig. 2Bii). This was expected for the HGF-
incubated Control cells, as the total c-Met level remained sim-
ilar after HGF stimulation relative to the HGF(�) Control (Fig.
2, A and Bii). However, the phosphorylated to total c-Met ratio
was not significantly decreased in DFO, Dp44mT, or DpC incu-
bated cells relative to the Control (Fig. 2Bii). This indicates that
the decreased c-Met phosphorylation in the presence of these
agents could be due to a reduction of total c-Met protein levels
rather than a specific inhibition of phosphorylation.

Huh7 cells

Similar effects of the agents on c-Met expression were also
observed in Huh7 cells (Fig. 2, C and Di and ii). In fact, DFO,
Dp44mT, or DpC markedly and significantly up-regulated
NDRG1 in the presence or absence of HGF (Fig. 2, C and Di). By
examining c-Met levels in Huh7 cells, incubation with DFO,
Dp44mT, or DpC induced a significant decrease in c-Met pro-
tein levels relative to the Control in the presence or absence of
HGF (Fig. 2, C and Di).

Of note, HGF stimulation had no significant effect on c-Met
Y1003 phosphorylation in Huh7 cells relative to their untreated
counterparts (Fig. 2, C and Di). Considering Y1003 phosphor-
ylation is important for endocytosis and lysosomal degradation
(10, 50), this observation in Huh7 cells may indicate per-
turbed c-Met regulation and trafficking, irrespective of
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Figure 2. Thiosemicarbazones, Dp44mT and DpC, markedly down-regulate c-Met protein expression and its phosphorylation. DU145 (A and B) and
Huh7 (C and D) cells were incubated with Control medium or medium containing Bp2mT (5 �M; negative control), DFO (100 �M), Dp44mT (5 �M), or DpC (5 �M)
for 24 h at 37 °C. These cells were then incubated in media alone without HGF (HGF �) or media containing HGF (50 ng/ml; HGF �) for 15 min at 37 °C.
Densitometric analyses of Western blottings for DU145 (Bi and ii) and Huh7 (Di and ii) cells are mean � S.E. (n � 3) normalized to the protein-loading control,
�-actin. Phosphorylation levels for c-Met are presented both relative to �-actin and as a ratio of total c-Met protein levels. *, p � 0.05; **, p � 0.01; ***, p � 0.001
relative to the respective Control. #, p � 0.05; ##, p � 0.01; ###, p � 0.001 relative to the HGF(�)-treated cells.
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ligand binding (50). However, DFO, Dp44mT, and DpC sig-
nificantly decreased Y1003 phosphorylation relative to the
Control in both nonstimulated and HGF-stimulated cells
(Fig. 2, C and Di).

Phosphorylation at Y1234/5 and Y1349 was significantly
increased with HGF stimulation under all conditions relative to
the HGF(�) treatment (Fig. 2, C and Di). However, DFO,
Dp44mT, and DpC markedly and significantly reduced their
levels versus the HGF-stimulated Control (Fig. 2, C and Di). The
ratio of c-Met phosphorylated at Y1003 to the total c-Met was
not significantly altered by HGF stimulation in Huh7 cells (Fig.
2Dii). In contrast, the ratios for Y1234/5 and Y1349 were sig-
nificantly increased with HGF incubation relative to the non-
stimulated cells under all conditions (Fig. 2, C and Dii). Simi-
larly to DU145 cells, DFO, Dp44mT, and DpC did not
significantly reduce the ratios for all three phosphorylation sites
relative to the HGF-stimulated Control in Huh7 cells (Fig.
2Dii). This suggests the decrease in c-Met phosphorylation in
Huh7 cells is due to the decrease in total c-Met induced by the
agents, rather than specific inhibition of phosphorylation.

Together, these results in Fig. 2 demonstrate that DFO,
Dp44mT, and DpC markedly decrease c-Met levels in DU145
and Huh7 cells. Phosphorylation of c-Met at Y1003, Y1234/5,
and Y1349 was also markedly reduced by these latter agents in
both cell types. This decrease in phosphorylation was due to the
reduction in total c-Met induced by DFO, Dp44mT, and DpC.

Considering these studies using DU145 prostate cancer and
Huh7 hepatoma cells, four additional cell types were investi-
gated, including SCC25 oral squamous cell carcinoma, Hep3B
hepatoma, PANC-1 pancreatic carcinoma, and MDA-MB-231
breast cancer cells (Fig. S1, C–F). For all cell types, Dp44mT and
DpC decreased c-Met protein expression, suggesting these
agents act similarly in a variety of tumor cell types (Fig. S1,
C–F).

Thiosemicarbazones inhibit phosphorylation of Gab1, a
downstream effector of c-Met

After binding to HGF, c-Met undergoes auto-phosphoryla-
tion at its C-terminal bidentate substrate-binding site, which is
composed of Y1349 and Y1356 (51). Various downstream effec-
tor molecules are then recruited to these latter phosphorylation
sites to activate downstream signaling (51, 52). One of these
downstream effectors is Gab1, which is phosphorylated upon
binding to activated c-Met (53).

Phosphorylated Gab1 bound to c-Met further recruits dock-
ing proteins, such as PI3K, Src homology 2 domain-containing
phosphatase 2 (SHP2), etc. (5). These docking proteins together
with various downstream effectors induce multiple oncogenic
signaling pathways, such as Ras/Raf/MEK/ERK (54), PI3K/
AKT (55), and cell division control protein 42 (Cdc42)/Rac1-
mediated cytoskeletal reorganization (56). Hence, Gab1 pro-
tein levels and its phosphorylation were examined after
incubation of cells with the agents (Fig. S2).

Similarly to Fig. 2, DU145 and Huh7 cells were incubated
with the chelators DFO (100 �M), Dp44mT (5 �M), or DpC (5
�M) for 24 h at 37 °C, and Bp2mT (5 �M) was used as a negative
control. Following this incubation, cells were incubated with

medium containing HGF (50 ng/ml) or medium alone for 15
min at 37 °C (Fig. S2).

Examining total Gab1 expression in DU145 and Huh7 cells,
its levels were not significantly affected by any of the agents nor
HGF stimulation (Fig. S2, A–D). In the absence of HGF, DFO,
Dp44mT, and DpC only slightly decreased Y307-phosphorylat-
ed Gab1 (p-Gab1 Y307) and the p-Gab1 Y307/Gab1 ratio rela-
tive to the Control. In contrast, p-Gab1 Y307 levels were mark-
edly and significantly increased by HGF in the Control- and
Bp2mT-treated DU145 and Huh7 cells versus the nonstimu-
lated cells (Fig. S2, A–D). In both cell types in the presence of
HGF, incubation with DFO, Dp44mT, or DpC, significantly
decreased p-Gab1 (Y307) levels versus the Control, whereas
Bp2mT had no significant effect. The ratio of p-Gab1 (Y307) to
total Gab1 also demonstrated a significant increase by HGF in
the Control and Bp2mT-treated DU145 and Huh7 cells (Fig. S2,
B–D). However, this ratio was significantly reduced by DFO,
Dp44mT, or DpC, relative to the respective HGF-stimulated
Control cells. These data indicated that these latter agents
decreased Gab1 Y307 phosphorylation, rather than total Gab1
levels.

Binding of cellular iron is partially required for Dp44mT and
DpC to down-regulate c-Met protein

One of the major mechanisms of action of Dp44mT and DpC
is via their potent binding to iron in tumor cells (19, 39). Hence,
it was important to investigate whether the effect of Dp44mT
and DpC on c-Met expression was due to their ability to bind
cellular iron.

In these studies, DU145 cells were incubated with either
DFO (100 �M), Dp44mT (5 �M), DpC (5 �M), or Bp2mT (5 �M)
as a negative control (Fig. S3A) for 24 h at 37 °C. For compari-
son, cells were also incubated with the Fe complexes of these
chelators, namely DFO–Fe (1:1), Dp44mT–Fe (1:2) and
DpC–Fe (1:2), as well as Bp2mT (5 �M) together with FeCl3 (2.5
�M). Additionally, Fe(III) (as FeCl3) was also implemented as a
relevant control at the same Fe(III) concentrations that were
used to prepare the Fe(III) complex of DFO ([Fe] � 100 �M)
relative to the Fe(III) complexes of Dp44mT or DpC ([Fe] � 2.5
�M). These stoichiometries of ligand to iron take account of
their coordination properties (37, 39, 48). This ensures satura-
tion of the coordination sites of DFO and the thiosemicarba-
zones with Fe(III), which is using ligand/iron ratios of 1:1 and
2:1, respectively (Fig. S3A) (37, 39, 48).

By examining NDRG1 expression, incubation of DU145 cells
with DFO, Dp44mT, and DpC significantly up-regulated the
46-kDa band (Fig. S3, A and B). In contrast to either DFO,
Dp44mT, or DpC, their respective iron complexes (i.e. DFO–
Fe, Dp44mT–Fe, and DpC–Fe) did not have any significant
effect on NDRG1 expression (Fig. S3, A and B). This is because
the agents can no longer bind cellular iron pools, as their ligat-
ing sites are occupied with the metal ion, preventing depletion
of intracellular iron. These results demonstrate the regulation
of NDRG1 by iron deprivation is expected, as NDRG1 is well-
known to be iron-regulated in vitro and in vivo (20, 36, 57, 58)
and acts as a positive control for cellular Fe levels.

The levels of c-Met were not affected by Bp2mT, whereas
DFO, Dp44mT, or DpC again significantly reduced its expres-

Thiosemicarbazones decrease c-Met via multiple mechanisms

486 J. Biol. Chem. (2020) 295(2) 481–503

http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1


sion (Fig. S3, A and B). Incubation with iron alone or iron bound
to Bp2mT or DFO did not significantly alter c-Met expression
(Fig. S3, A and B). However, whereas the addition of Fe to
Dp44mT and DpC to form their Fe complexes prevented the
up-regulation of NDRG1 observed with the ligands alone, the
down-regulation of c-Met was partially attenuated (Fig. S3, A
and B). In fact, although Dp44mT–Fe and DpC–Fe still induced
a significant decrease in c-Met versus the Control, their effects
were less marked than the ligands. Similar results to those
observed above in DU145 cells were also obtained using Huh7
cells (data not shown).

In conclusion, the results in Fig. S3, A and B indicate DFO,
Dp44mT, or DpC down-regulates c-Met, and in the case of
DFO, this could be effectively rescued by the addition of Fe to
the ligand to form a complex to prevent chelation of cellular Fe
pools. In contrast, the Dp44mT–Fe and DpC–Fe complexes
still possessed some activity at down-regulating c-Met. This
may be related to the fact that these Fe complexes are also
redox-active (19, 37, 38, 47), with redox species potentially
playing a role in the activity observed. In contrast, the DFO–Fe
complex is redox-inactive (48, 59), with only the ability of the
ligand to deplete cellular iron being active in decreasing c-Met
levels (Fig. S3, A and B).

To assess whether the effects of Dp44mT and DpC on c-Met
were mediated by their redox activity upon binding metal ions
(37, 39), further studies were performed using the anti-oxidant,
N-acetylcysteine (NAC), which supplements GSH and mark-
edly prevents the anti-proliferative effects of these agents (38).
Using both cell types, the incubation of NAC (5 mM) with the
ligands for 24 h at 37 °C, which inhibits redox stress induced by
these agents (38, 47), had no significant effect on rescuing
c-Met versus the ligands alone (Fig. S3, A–F). This finding sug-
gested that generation of redox species by the Fe complexes
formed within cells was not key to the ability of the ligands to
down-regulate c-Met (Fig. S3, C–F).

Thiosemicarbazones up-regulate inhibitors of c-Met, namely
NDRG1 and MIG6, but down-regulate c-Met by NDRG1- and
MIG6-independent mechanism(s)

The studies above (Fig. 2) demonstrate that DFO and the
thiosemicarbazones markedly up-regulate NDRG1, as shown
previously (20, 36). Our laboratory has recently demonstrated
that NDRG1 can down-regulate the RTK, EGFR, through a
mechanism mediated by its ability to bind to, and stabilize, the
tumor suppressor, mitogen-inducible gene-6 (MIG6), which is
an EGFR inhibitor that mediates its degradation (27). Consid-
ering these facts and that MIG6 has been demonstrated to
decrease c-Met activity by an indirect mechanism (60), it was
hypothesized that NDRG1 and MIG6 could play a role in the
observed chelator-mediated down-regulation of c-Met. This was
intriguing, because like NDRG1 (36), MIG6 is also potently
induced after cellular Fe chelation (27) potentially via a hypoxia-
inducible factor-�–dependent mechanism (27, 61).

To investigate the role of NDRG1 and MIG6 in the chelator-
mediated down-regulation of c-Met, DU145 or Huh7 cells were
treated with NDRG1 siRNA (Fig. 3, A–D) or MIG6 siRNA (Fig.
3, E–H) for 48 h at 37 °C and then incubated with Control
medium or this medium containing Dp44mT or DpC at 5 �M

for 24 h at 37 °C. Western blot analysis was then performed.
Examining the siControl-treated cells, Dp44mT and DpC sig-
nificantly increased NDRG1 (Fig. 3, A–D) and MIG6 (Fig. 3,
E–H) versus the Control in both cell types. In contrast, after
silencing NDRG1 or MIG6, there was a pronounced and signif-
icant decrease in their levels under all conditions, with the thio-
semicarbazones failing to up-regulate expression.

Assessing c-Met and its phosphorylation after siControl
treatment (Fig. 3, A–H) demonstrated that the thiosemicarba-
zones significantly decreased total c-Met and p-c-Met (Y1349)
versus the Control, as demonstrated in Fig. 2. After siNDRG1 or
siMIG6 treatment, it was notable that Control levels of both
c-Met and p-c-Met were significantly increased relative to the
Control in the siControl treatment (Fig. 3, A–H). This sug-
gested that the metastasis suppressor and tumor-suppressive
roles of NDRG1 and MIG6 expression, respectively, are
involved in down-regulating c-Met levels and activation under
Control conditions.

However, irrespective of either NDRG1 or MIG6 siRNA
treatment, the thiosemicarbazones still significantly decreased
both c-Met and p-c-Met relative to the NDRG1 or MIG6
siRNA-treated Controls (Fig. 3, A–H). The fact that the thio-
semicarbazones could still significantly down-regulate c-Met
when either NDRG1 or MIG6 was silenced indicates a mecha-
nism(s) independent of these molecules. To examine this, the
decrease in c-Met or p-c-Met was expressed as a percentage of
the relevant control after incubation with the thiosemicarba-
zones. Irrespective of siNDRG1 or siMIG6 treatment, there was
no significant difference in the effect of the thiosemicarbazones
to that observed after incubation with the siControl. Similar
results were obtained when the cells were incubated with HGF
(data not shown). As described previously for NDRG1 silencing
using a second NDRG1 siRNA (i.e. NDRG1 II siRNA; Fig. S1A,
B), a second MIG6 siRNA (siMIG6 II) resulted in very similar
results to those demonstrated for MIG6 siRNA in Fig. 3, E–H,
i.e. up-regulation of c-Met and p-c-Met (Y1349; Fig. S4, A and
B). These controls argue against off-target effects of the
siRNAs.

Examining the effect of the thiosemicarbazones on Gab1 and
p-Gab1 (Y307) in the presence and absence of NDRG1 and
MIG6 silencing in DU145 and Huh7 cells, it was demonstrated
that there was no appreciable effect on total Gab1 under any
conditions relative to the Control (Fig. S5, A–H). Assessing
p-Gab1 (Y307) in the siControl treatments, Dp44mT and DpC
slightly decreased its levels in DU145 cells, whereas Dp44mT
had no appreciable effect, and DpC increased p-Gab1 (Y307) in
Huh7 cells relative to the Control (Fig. S5, A–H). For DU145 or
Huh7 cells incubated with siNDRG1, Dp44mT or DpC resulted
in no marked effect on p-Gab1 (Y307) relative to the control
(Fig. S5, A–D). Incubation of DU145 cells or Huh7 cells with
siMIG6 followed by treatment with Dp44mT and DpC led to a
decrease of p-Gab1 (Y307) in DU145 cells; although there was a
slight increase in p-Gab1 (Y307) levels with Dp44mT and no
change using DpC in Huh7 cells, relative to the Control (Fig. S5,
A–H).

In summary, the thiosemicarbazones were able to down-reg-
ulate c-Met and p-c-Met even when either MIG6 or NDRG1
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Figure 3. Thiosemicarbazones up-regulate inhibitors of c-Met, namely NDRG1 and MIG6, but down-regulate c-Met by NDRG1- and MIG6-independ-
ent mechanism(s). DU145 or Huh7 cells were incubated with Opti-MEM media containing nontargeting, negative control siRNA (siControl) or siRNA specific
for NDRG1 (siNDRG1; A–D) or MIG6 (siMIG6; E–H) in the absence of HGF and then incubated with Control medium, or this medium containing Dp44mT or DpC
at 5 �M for 24 h at 37 °C. Western blot analysis was then performed. Densitometric analyses are mean � S.E. (n � 3) normalized to the protein-loading control,
�-actin. *, p � 0.05; **, p � 0.01; ***, p � 0.001 relative to the respective Control. #, p � 0.05; ##, p � 0.01; ###, p � 0.001 relative to siControl samples.
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was markedly silenced (Fig. 3, A–H), implicating another mech-
anism independent of these molecules.

Thiosemicarbazones do not modulate mRNA levels of
HSP90AA1 but decrease MET mRNA in Huh7 cells

Next, as an initial assessment of the mechanism involved in
the down-regulation of c-Met protein levels after incubation
with thiosemicarbazones, studies then examined MET mRNA
expression (Fig. 4, A–D). In these studies, NDRG1 mRNA levels
were examined as a positive control for cellular iron depletion
along with HSP90AA1. The expression of the latter was
assessed as it was demonstrated by others that cellular iron
chelation decreases HSP90AA1 mRNA expression (62). The
HSP90AA1 mRNA translates to HSP90, which is known to act
as a chaperone for c-Met protein (63). Furthermore, alterations

in HSP90 activity can modulate c-Met expression (63). Hence,
we hypothesized that the down-regulation of c-Met after incu-
bation of cells with chelators (Figs. 2 and 3) could be due to the
effect of these agents on HSP90 expression at the mRNA and/or
protein levels.

In these experiments, DU145 cells (Fig. 4, A and B) and Huh7
cells (Fig. 4, C and D) were incubated for 24 h at 37 °C with
either Control medium or medium containing Bp2mT (5 �M),
DFO (100 �M), Dp44mT (5 �M), or DpC (5 �M) in the absence
of HGF. HGF was not implemented, as the effect of chelators on
c-Met protein expression was independent of incubation with
this cytokine (Fig. 2). Examining NDRG1 mRNA levels in
DU145 and Huh7 cells, incubation with DFO, Dp44mT, or DpC
led to a significant increase relative to the Control, whereas the
negative control, Bp2mT, had no significant effect (Fig. 4,

Figure 4. Thiosemicarbazones, Dp44mT and DpC, decrease MET mRNA levels in Huh7 cells, but not in DU145 cells. DU145 (A and B) and Huh7 (C and D)
cells were incubated with Control medium or this medium containing either Bp2mT (5 �M; negative control), DFO (100 �M), Dp44mT (5 �M), or DpC (5 �M) for
24 h at 37 °C. Densitometric analyses of NDRG1, MET, and HSP90AA1 mRNA levels from RT-PCR are shown as the mean � S.E. (n � 3) normalized to �-actin mRNA.
*, p � 0.05; **, p � 0.01; ***, p � 0.001 relative to the Control.
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A–D). The up-regulation of NDRG1 confirms cellular iron
depletion by DFO, Dp44mT, and DpC and acts as a positive
control (20, 36). On the other hand, MET mRNA levels were
not decreased in DU145 cells by Dp44mT or DpC relative to the
Control (Fig. 4, A and B). In contrast, for Huh7 cells, there was
a significant reduction in MET mRNA levels by these agents
compared with the Control (Fig. 4, C and D). In both cell types,
none of the compounds had a significant effect on HSP90AA1
mRNA levels relative to the Control (Fig. 4, A–D). In summary,
the results in Fig. 4 indicate that down-regulation of c-Met pro-
tein by the chelators in Huh7 cells (Fig. 2, C and D) could be
partially due to a reduction in MET mRNA levels.

Considering that HSP90, the protein encoded by HSP90AA1,
acts as a chaperone for c-Met, its levels were also examined after
incubation of cells with the chelators (Fig. S6). Assessing HSP90
protein levels in DU145 and Huh7 cells after incubation with
the agents, its levels were not significantly altered in both cell
types (Fig. S6). These results agree with the mRNA data (Fig. 4,
A–D), indicating that DFO, Dp44mT, or DpC do not modulate
HSP90 expression at the mRNA and protein levels, and thus do
not decrease c-Met through this mechanism.

Dp44mT and DpC increase lysosomal co-localization of c-Met
protein, with the decrease in c-Met levels being rescued by
three lysosomotropic agents in DU145 cells

As the effect of the thiosemicarbazones was due, in part, to
cellular iron chelation (Fig. S3, A and B), it was critical to under-
stand the mechanism of how these agents decrease c-Met
expression (Figs. 2 and 3). The decrease in c-Met protein levels
has been attributed to changes in either lysosomal (64) or ubiq-
uitin-dependent proteasomal degradation (11). First, regarding
lysosomal processing, HGF binding to c-Met activates and
phosphorylates it at Y1003 (Fig. 2, A and B), which then recruits
casitas b-lineage lymphoma, leading to internalization and lys-
osome-mediated degradation of c-Met (10). Second, internal-
ized c-Met could also be degraded by the proteasome-mediated
pathway (64). These two mechanisms appear to function
together, as inhibiting proteasomal activity has been reported
to block c-Met internalization after HGF stimulation (64).
Hence, internalization and degradation of c-Met could involve
multiple mechanisms.

Both Dp44mT and DpC, which markedly down-regulate
c-Met (Figs. 2 and 3), are known to affect lysosomes in cancer
cells (18, 38, 65). Hence, it was hypothesized the thiosemicar-
bazones may enhance c-Met degradation via a lysosome-medi-
ated mechanism. To investigate this, the cellular co-localiza-
tion of the classical late endosomal/lysosomal marker, LAMP2
(66), with c-Met was investigated using confocal immunofluo-
rescence microscopy (Fig. 5, A–D). In these studies, the
well-established lysosomotropic agents that disrupt lysosomal
acidification and degradation, namely ammonium chloride
(NH4Cl), methylamine (MA), and chloroquine (CLQ) (67–69),
were also utilized to examine their ability to rescue c-Met levels
after incubation with Dp44mT and DpC (Fig. 5, A–D).

To test the involvement of the lysosome-mediated degrada-
tion pathway, DU145 cells were incubated with either Control
medium or medium containing Dp44mT (5 �M) or DpC (5 �M)
in the absence or presence of NH4Cl (15 mM), MA (15 mM), or

CLQ (50 �M) for 24 h at 37 °C (Figs. 5 and 6). These concentra-
tions of lysosomotropic agents have been previously shown to
be effective in terms of inhibiting lysosomal acidification and
biological mechanisms dependent on this process (27, 68, 69).
Optimization experiments demonstrated that the lysosomo-
tropic agents were not cytotoxic over the incubation used, as
demonstrated by cellular morphology (Fig. 5, A–C).

Examining c-Met expression by confocal microscopy dem-
onstrated that incubation of cells with either of the three lyso-
somotropic agents in the absence of Dp44mT or DpC had no
significant effect on its levels (Fig. 5, A and Di). Blue boxes in the
images in Fig. 5, A–C, indicate Control, Dp44mT, and DpC
relative to when these conditions were also treated with lysoso-
motropic agents, which are indicated by white boxes. As shown
previously (Figs. 2 and 3), c-Met levels were significantly
decreased by Dp44mT and DpC relative to the Control (Fig. 5,
A and Di). It was also of note that Dp44mT and DpC resulted in
tighter intracellular clustering of c-Met and LAMP2 into foci
(Fig. 5, A and B), suggesting altered intracellular trafficking.
Assessing cells incubated with Dp44mT or DpC and also the
lysosomotropic agents, this resulted in significantly higher
c-Met levels relative to cells treated with thiosemicarbazones
alone (Fig. 5, A and Di). These results suggested that inhibition
of lysosomal activity by the lysosomotropic agents at least partly
reversed the effect of thiosemicarbazones on down-regulating
c-Met. Co-localization of c-Met was then examined relative to
the LAMP2-defined late endosomal/lysosomal compartment
(Fig. 5B) (66).

Because confocal microscopy images cells on a single lat-
eral focal plane, only proteins in the same location are co-lo-
calized (70). Co-localization analysis between c-Met (red)
and LAMP2 (green) demonstrated that incubation of cells
with either Dp44mT or DpC significantly decreased the co-
localization of these two proteins (yellow) in the merge (Fig.
5, C and Diii). This effect is probably due to the markedly
decreased c-Met levels mediated by these agents after a 24-h
incubation (Fig. 5Di). Upon incubation of DU145 cells with
either of the three lysosomotropic agents alone, there was no
significant change observed in co-localization compared
with the Control. However, co-incubation of cells with either
Dp44mT or DpC and either of the three lysosomotropic
agents induced a significant increase in co-localization
between c-Met and LAMP2 when compared with cells incu-
bated with Dp44mT or DpC alone (Fig. 5, C and Diii). These
latter results suggested the lysosomotropic agents inhibited
c-Met degradation by the thiosemicarbazones, leading to
increased co-localization with LAMP2. Furthermore,
Dp44mT and DpC induced c-Met lysosomal localization for
its degradation.

Assessing c-Met expression in the studies with lysosomo-
tropic agents and thiosemicarbazones by Western blot anal-
ysis (Fig. 6, A and B) resulted in similar results to those dem-
onstrated by confocal microscopy (Fig. 5, A and Di). Indeed,
c-Met levels were significantly decreased by Dp44mT or
DpC, whereas cells incubated with Dp44mT or DpC together
with the lysosomotropic agents expressed significantly
higher c-Met versus the thiosemicarbazones alone (Fig. 6, A
and B).

Thiosemicarbazones decrease c-Met via multiple mechanisms

490 J. Biol. Chem. (2020) 295(2) 481–503

http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1
http://www.jbc.org/cgi/content/full/RA119.011341/DC1


Collectively, these results using confocal and Western blot
analysis of DU145 cells indicated that inhibition of lysosome
activity at least partially reversed the effect of these agents on
decreasing c-Met levels. This finding suggested an additional
mechanism also contributed to the decrease of c-Met in DU145
cells after incubation with thiosemicarbazones.

In contrast to DU145 cells, incubation of Huh7 cells with
these lysosomotropic agents did not significantly rescue the
ability of Dp44mT or DpC to decrease c-Met, as demonstrated
by both confocal microscopy and Western blot analysis (Fig. S7,
A–C). This indicated another processing pathway in Huh7 cells
was responsible for the thiosemicarbazone-mediated decrease
in total c-Met. This could be explained by the decreased MET
mRNA levels observed after incubation with these agents (Fig.
4, C and D). Of interest, a difference in c-Met trafficking

between DU145 and Huh7 cells was also suggested by the dif-
ferential response of c-Met phosphorylation at Y1003 between
these cell types (cf. Fig. 2, A and B with C and D). This phos-
phorylation mediates c-Met endocytosis and lysosome-medi-
ated degradation (10).

Proteasomal inhibition up-regulates levels of the 55-kDa
C-terminal fragment of c-Met, which is increased in the
presence of Dp44mT

The investigations above in Figs. 5 and 6 demonstrate some
role of lysosomal degradation in the decrease of c-Met expres-
sion after incubation of DU145 cells with Dp44mT and DpC,
but not Huh7 cells. Considering this, other mechanisms of
c-Met processing were then examined, namely the proteasomal
pathway and c-Met shedding (10). It has been demonstrated

Figure 5. Confocal immunofluorescence microscopy demonstrates that incubation of DU145 cells with lysosomotropic agents rescues down-regu-
lation of c-Met expression mediated by Dp44mT and DpC. A–C, DU145 cells were incubated with Control medium or this medium containing either
Dp44mT (5 �M), DpC (5 �M), NH4Cl (15 mM), MA (15 mM), CLQ (50 �M), alone or in combination for 24 h at 37 °C. Confocal immunofluorescence microscopy was
then performed examining the following: A, c-Met (red); B, LAMP2 (green); and C, merge between A and B. Blue boxes in images indicate Control, Dp44mT, and
DpC relative to when these conditions were also treated with lysosomotropic agents, which are indicated by white boxes. All images were taken with a �63
objective and at the same acquisition settings using Zeiss Zen Blue software. Images are representative from three experiments. D, quantitative analyses of
pixel intensities of c-Met (i), LAMP2 (ii), and co-localization of c-Met and LAMP2 (iii) were performed using ImageJ software. All quantitative analyses are mean �
S.E. (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.001 relative to the Control. #, p � 0.05, and ##, p � 0.01 relative to either Dp44mT or DpC alone. Pixel intensity
and co-localization analysis utilized a total of 20 –30 cells. Scale bar represents 10 �m and is the same for all images.
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that c-Met can be ubiquitinated and directly degraded by the
proteasome (11). Additionally, c-Met can be shed by intracel-
lular (e.g. in lysosomes) and extracellular cleavage via the met-
alloproteases, such as ADAM10 and ADAM17, leading to the
55-kDa c-Met CTF (14 –17). The c-Met CTF is then cleaved by
the �-secretase complex to generate a 50-kDa c-Met intracel-
lular domain (c-Met ICD), which is then degraded by the pro-
teasome (10, 15).

Previous studies have demonstrated that inhibition of the
proteasome using the well-characterized inhibitor, MG132,
resulted in increased levels of the 50-kDa c-Met ICD and the
55-kDa c-Met CTF (15, 71). Furthermore, agents that increase
c-Met cleavage up-regulate the 55-kDa c-Met CTF (15, 71). To
examine the effect of proteasomal inhibition in the presence
and absence of Dp44mT on c-Met expression, DU145 and
Huh7 cells were incubated for 8 h at 37 °C with either Control
medium alone or medium containing either Dp44mT (5 �M),
MG132 (2.5 or 5 �M), EDTA (1 mM), or these agents in combi-
nation. Notably, EDTA was used as a potent metalloprotease
inhibitor, which is known to inhibit ADAM10 and the activity
of other metalloproteases (72–74).

As shown previously, Dp44mT significantly decreased the
expression of the mature and precursor isoforms of c-Met at
140- and 170-kDa relative to the Control (Fig. 7, Ai and B).

Upon longer exposures of the blots (Fig. 7, Aii and iii), the 50-
and 55-kDa c-Met ICD and CTF bands, respectively, became
visible under all conditions and were significantly decreased by
Dp44mT relative to the Control (Fig 7, Aiii, C, and D). The low
levels of these two later bands in the Control and Dp44mT-
treated groups suggests they may be rapidly processed relative
to the high-molecular-weight precursor and mature forms (10).
Upon incubation with MG132 (2.5 �M) alone, there was a sig-
nificant decrease in the mature and precursor c-Met isoforms
and also a pronounced and significant increase in the c-Met
ICD and c-Met CTF isoforms at 50- and 55-kDa, respectively
(Fig. 7, A–D), as shown previously (15).

Incubation of cells with another proteasomal inhibitor, lac-
tacystin, had a similar effect on the mature and precursor c-Met
isoforms (Fig. 7, E and F). Co-incubation of cells with both
Dp44mT and MG132 resulted in a further slight but significant
decrease in the mature and precursor isoforms of c-Met relative
to MG132 alone (Fig. 7, Ai and B). Furthermore, co-incubation
with Dp44mT and MG132 resulted in a significant increase in
the 55-kDa c-Met CTF and a significant decrease in the c-Met
ICD relative to MG132 alone (Fig. 7, Ai, ii, C, and D). Hence,
this observation suggests that Dp44mT induces increased
c-Met CTF fragment levels, potentially by increased c-Met
cleavage by metalloproteases, such as ADAM10 and ADAM17

Figure 6. Western blot analysis demonstrates that incubation of DU145 cells with lysosomotropic agents partially rescues down-regulation of c-Met
expression mediated by Dp44mT and DpC. A and B, DU145 cells were incubated as in Fig. 5, and Western blot analysis for c-Met and �-actin was performed.
B, densitometric analyses are mean � S.E. (n � 3) normalized to the protein-loading control, �-actin. *, p � 0.05; and **, p � 0.01 are relative to the Control. #,
p � 0.05, and ##, p � 0.01 are relative to either Dp44mT or DpC.
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Figure 7. Proteasome inhibition prevents processing and degradation of c-Met CTF and c-Met ICD, and Dp44mT increases the levels of c-Met CTF in
DU145 cells. A, DU145 cells were incubated with Control medium or this medium containing either Dp44mT (5 �M), MG132 (2.5 or 5 �M), EDTA (1 mM) alone, or in
combination for 8 h at 37 °C. Western blot analysis was then performed, and three images of the blots taken at different exposure times (Ai–Aiii) are shown for optimal
presentation of different c-Met isoforms, namely the c-Met precursor, mature form, c-Met CTF, and c-Met ICD. Densitometric analyses of the c-Met precursor and
mature form (B), 55-kDa c-Met CTF (C), and 50-kDa c-Met ICD (D) are mean � S.E. (n � 3) normalized to a protein-loading control, �-actin. *, p � 0.05; **, p � 0.01; and
***, p � 0.001 relative to the Control. #, p � 0.05 relative to cells incubated with MG132 (2.5 or 5 �M). †, p � 0.05 relative to cells incubated with Dp44mT. ^, p � 0.05;
^^, p � 0.01 relative to cells incubated with MG132 and Dp44mT. E, DU145 cells were incubated with Control medium or this medium containing either Dp44mT (5
�M), compound E (1 �M), lactacystin (10 �M) alone, or in combination for 8 h at 37 °C. Ei–Eii are shown for optimal presentation of the different c-Met isoforms,
namely the c-Met precursor, mature form, c-Met CTF, and c-Met ICD. Densitometric analyses of c-Met precursor and mature form (F), 55-kDa c-Met CTF (G), and
50-kDa c-Met ICD (H). Results are mean � S.E. (n � 3) normalized to the protein-loading control, �-actin. **, p � 0.01, and ***, p � 0.001 relative to the Control.
#, p � 0.05, and ###, p � 0.01 relative to cells incubated with Compound E (1 �M). †, p � 0.05 relative to cells incubated with lactacystin (10 �M) alone.
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(14 –17). Similar results to MG132 (2.5 �M) in the absence and
presence of Dp44mT were also observed at an MG132 concen-
tration of 5 �M, except the levels of the c-Met CTF and c-Met
ICD were higher (Fig. 7, Ai, ii, and B).

Hence, Dp44mT increased the c-Met CTF in the presence of
the proteasomal inhibitor versus the inhibitor alone (Fig. 7, A
and C), suggesting Dp44mT-generated CTF is degraded by the
proteasome. However, this did not occur upon incubation of
DU145 cells with the lysosomotropic agents (Fig. S8). In fact,
the addition of Dp44mT or DpC to the lysosomotropic agents
decreased CTF versus the lysosomotropic agents alone (Fig. S8).
In contrast, the lysosomotropic agents alone without Dp44mT
markedly increased c-Met CTF when compared with the
untreated Control. This indicates c-Met CTF generated under
Control conditions is degraded by the lysosome (Fig. S8), as
demonstrated by others (17).

Broad metalloprotease inhibitor, EDTA, potently rescues the
ability of Dp44mT to decrease c-Met expression

The CTF is generated by increased c-Met cleavage by metal-
loproteases (14 –17). As such, studies next examined the effect
of incubation of DU145 cells with the broad-spectrum metallo-
protease inhibitor EDTA (72–74) in the presence and absence
of Dp44mT (Fig. 7, A–D). Incubation with EDTA alone had no
significant effect on the expression of the mature, precursor,
c-Met CTF and c-Met ICD isoforms of c-Met relative to the
Control (Fig. 7, A–D). In contrast, EDTA co-incubated with
Dp44mT totally and significantly prevented the loss of the
mature and precursor isoforms of c-Met relative to that
observed with Dp44mT alone (Fig. 7, Ai and B). Furthermore,
c-Met CTF levels were not significantly changed, although the
c-Met ICD levels were slightly but significantly increased after
incubation with Dp44mT and EDTA relative to Dp44mT alone
(Fig. 7, Aiii, C, and D).

Co-incubation of EDTA and MG132 (2.5 �M) had a similar
effect as MG132 alone, significantly decreasing the mature and
precursor c-Met isoforms (Fig. 7, Ai and B) and significantly
(p � 0.001– 0.01) increasing the c-Met CTF and c-Met ICD
levels (Fig. 7, Aii, C, and D) relative to the Control. Co-incuba-
tion of EDTA, MG132 (2.5 �M), and Dp44mT resulted in sig-
nificantly higher levels of c-Met mature and precursor isoforms
relative to MG132 (2.5 �M) and Dp44mT (Fig. 7, Ai and B). In
contrast, c-Met CTF and c-Met ICD were significantly lower
after co-incubation of EDTA, MG132 (2.5 �M), and Dp44mT
versus MG132 (2.5 �M) and Dp44mT (Fig. 7, Aii, C, and D). This
latter observation suggests that EDTA may prevent the cleav-
age of c-Met via inhibition of metalloprotease activities (e.g.
ADAM10 and -17, etc.), which are known to cleave c-Met
resulting in the CTF (14 –16) and then the ICD via �-secretase
processing (10, 15).

Similar results to those found in DU145 cells (Fig. 7, A–D)
were also observed in Huh7 cells (Fig. S9), where down-regula-
tion of the mature and precursor forms of c-Met and up-regu-
lation of c-Met ICD isoforms were demonstrated after incuba-
tion with these agents. It was also of interest that when EDTA
was added with Dp44mT it significantly rescued the loss of
c-Met precursor and mature forms when compared with
Dp44mT alone (Fig. S9, A and B). Again, as for DU145 cells (Fig.

7, A and B), this suggested some involvement of metallopro-
tease activity in the Dp44mT-induced decrease of c-Met levels.

In contrast to DU145 cells where two well-defined c-Met
ICD and CTF bands were identified (Fig. 7, A and B), only a
single well-defined band at �50-kDa was observed in Huh7
cells (Fig. S9, A and C), which could represent the c-Met ICD.
Only a shadow at �55 kDa was present in Huh7 cells (Fig. S9,
A–C), which may represent low levels of the c-Met CTF. How-
ever, this could not be reliably quantitated. Upon the addition
of MG132 that prevents CTF and ICD degradation, a clear band
representative of the CTF was still not apparent (Fig. S9A). This
was in contrast to the marked increase in CTF and ICD
observed in DU145 cells (Fig. 7, A, C, and D). Together, these
findings indicate that in Huh7 cells the generation of c-Met
CTF and ICD appeared less than that of DU145 cells.

In conclusion, the results in Fig. 7, A–D, demonstrate that
Dp44mT decreases the mature and precursor isoforms and
concurrently leads to increased c-Met CTF levels in DU145
cells, suggesting cleavage by a metalloprotease (e.g. ADAM10,
-17, etc.) resulting in c-Met shedding (14, 16). Using Huh7 cells
(Fig. S9), Dp44mT induced similar down-regulation of the
mature and precursor forms of c-Met, although metallopro-
tease degradation appeared less marked. As such, further stud-
ies examining metalloprotease activity on c-Met processing
were focused on the DU145 cell type.

Compound E, a �-secretase inhibitor, increases the 55-kDa
c-Met CTF and this is increased in the presence of Dp44mT

To further assess the ability of Dp44mT to enhance c-Met
CTF levels, observed in the presence of MG132 (Fig. 7, A and C),
a �-secretase inhibitor, Compound E, and a proteasomal inhib-
itor, lactacystin, were utilized (Fig. 7, E–H). In fact, it was pre-
viously demonstrated by others that Compound E selectively
increases c-Met CTF (17). This occurs through the ability of
Compound E to inhibit �-secretase from processing c-Met CTF
to ICD, whereas proteasomal inhibitors, such as MG132 or lac-
tacystin, increase c-Met ICD levels via proteasomal inhibition
(17). In this study, DU145 cells were incubated with Compound
E (1 �M) or lactacystin (10 �M) and the absence or presence of
Dp44mT (5 �M) for 8 h at 37 °C.

Examining the levels of c-Met precursor and the mature
form, Dp44mT, significantly reduced their levels, whereas
Compound E alone had no significant effect when compared
with the Control (Fig. 7, Ei and ii, and F). Notably, incubation
with both Compound E and Dp44mT did not rescue the
decrease in c-Met observed with Dp44mT alone. However, a
significant decrease in the c-Met precursor and mature form
was observed in cells treated with lactacystin alone, which was
further decreased by the addition of Dp44mT (Fig. 7, Ei and ii,
and F).

Assessing the 55-kDa c-Met CTF levels, there was a signifi-
cant increase in DU145 cells incubated with Compound E rel-
ative to the control. Intriguingly, in cells incubated with
Dp44mT and Compound E, there was a marked and significant
increase in c-Met CTF levels compared with cells incubated
with Compound E alone (Fig. 7, Eii and G). These results indi-
cate that Dp44mT induced the generation of c-Met CTF poten-
tially through increased metalloprotease activity, strongly sup-
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porting the results in Fig. 7, A and C. In contrast, the intensity of
the CTF was very low in cells treated with lactacystin (Fig. 7, Ei
and ii, and G), as reported previously (17), and also after lacta-
cystin and Dp44mT.

Furthermore, investigating the 50-kDa c-Met ICD, its levels
were not affected by either Dp44mT, Compound E, or Dp44mT
and Compound E (Fig. 7, Ei and ii, and H). In contrast, lacta-
cystin markedly and significantly increased the c-Met ICD rel-
ative to the Control. Co-incubation of cells with lactacystin and
Dp44mT also caused a pronounced and significant increase in
the ICD relative to the Control (Fig. 7, Ei and ii, and H). How-
ever, the extent of the increase was significantly decreased rel-
ative to cells incubated with lactacystin alone (Fig. 7, Ei and ii,
and H). This latter effect was similar to the response observed in
Fig. 7, A and D, where c-Met ICD was reduced by Dp44mT in
the presence of MG132.

Overall, these results from Fig. 7, E–H, support and extend
the data presented in Fig. 7, A–D. Indeed, Dp44mT markedly
increased c-Met CTF levels in the presence of the �-secretase
inhibitor, Compound E, suggesting increased metalloprotease-
mediated shedding of c-Met by Dp44mT.

Metalloprotease inhibitor, batimastat, limits the Dp44mT-
mediated decrease in cellular c-Met levels, whereas TIMP-3 has
no effect

Considering that the broad-spectrum metalloprotease inhib-
itor, EDTA (75), markedly rescued c-Met expression in the

presence of Dp44mT (Fig. 7, A and B, and Fig. S9, A and B),
another well-characterized metalloprotease inhibitor, batimas-
tat (76, 77), was used to examine its effect on c-Met levels.
Incubation of DU145 cells with Dp44mT (5 �M) for 8 h at 37 °C
led to a significant reduction in c-Met expression relative to the
Control, whereas batimastat (5 �M) alone had no appreciable
effect (Fig. 8, A and B). In contrast, co-incubation of Dp44mT (5
�M) and batimastat (5 �M), largely prevented the down-regula-
tion of c-Met, leading to significantly higher c-Met levels com-
pared with Dp44mT alone (Fig. 8, A and B). These results sug-
gest the ability of batimastat to inhibit metalloprotease activity
prevents the loss of c-Met.

Studies then examined the effect of TIMP-3, which has been
demonstrated to be an inhibitor of metalloprotease activity that
potently inhibits c-Met shedding by the antibody, DN30, via
blocking ADAM10 proteolytic activity (16). Incubation of
DU145 cells for 8 h at 37 °C with TIMP-3 at a concentration
previously shown to markedly inhibit ADAM10 activity (i.e. 1
�g/ml (16)) had no significant effect on c-Met expression rela-
tive to the Control (Fig. 8, C and D). Furthermore, co-incuba-
tion of TIMP-3 (1 �g/ml) and Dp44mT (5 �M) for 8 h at 37 °C
did not prevent the ability of Dp44mT to reduce c-Met expres-
sion (Fig. 8, C and D). These results suggested that ADAM10
may not mediate the c-Met down-regulation by Dp44mT. Col-
lectively, these data in Figs. 7, A and B, and 8, A–D, and Fig. S9,
A and B suggest that Dp44mT decreases c-Met expression via

Figure 8. Broad spectrum metalloprotease inhibitor, batimastat, rescues c-Met expression in DU145 cells. A, DU145 cells were incubated with Control
medium or this medium containing either Dp44mT (5 �M) or batimastat (5 �M) alone, or in combination for 8 h at 37 °C. B, densitometric analyses for c-Met as
mean � S.E. (n � 3) normalized to �-actin. ***, p � 0.001 relative to the Control. ##, p � 0.01 relative to cells incubated with Dp44mT alone. C, DU145 cells were
incubated with Control medium or this medium containing either Dp44mT (5 �M) or TIMP-3 (1 �g/ml) alone or in combination for 8 h at 37 °C. D, densitometric
analyses for c-Met as mean � S.E. (n � 3) normalized to �-actin. ***, p � 0.001 relative to the Control. E and F, DU145 cells were incubated with Control medium
or this medium containing either Dp44mT (5 �M), EDTA (1 mM), or batimastat (5 �M) alone, or in combination for 8 h at 37 °C. E, extracellular culture medium
was collected, and an ELISA was performed, as described under “Experimental procedures,” for the measurement of c-Met NTF levels. Results are presented as
mean � S.E. (n � 3). *, p � 0.05 relative to the Control (F and G). Cell lysates were prepared from the same cells in E for the measurement of cell-bound c-Met
levels via Western blot analysis. G, densitometric analyses of the data in F are presented as mean � S.E. (n � 3) normalized to �-actin. ***, p � 0.001 relative to
the Control; ###, p � 0.001 relative to cells incubated with Dp44mT alone.
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inducing metalloprotease activity that can be inhibited by
batimastat.

Dp44mT does not induce extracellular shedding of c-Met

The results in Fig. 7, A–D, demonstrated that Dp44mT
increases c-Met CTF in the presence of MG132, suggesting
Dp44mT induces extracellular cleavage by metalloproteases
resulting in shedding of the N-terminal fragment (NTF) of
c-Met. Considering these results, it was deemed important to
examine the shedding of c-Met into the extracellular medium,
and in this case, an ELISA method was utilized that detects
c-Met NTF (78).

In these studies, DU145 cells were incubated for 8 h at 37 °C
with either Dp44mT (5 �M), EDTA (1 mM), batimastat (5 �M),
Dp44mT (5 �M), and EDTA (1 mM) or Dp44mT (5 �M), and
batimastat (5 �M; Fig. 8, E–G). In contrast to our expectation,
incubation of cells with Dp44mT alone did not increase release
of the c-Met NTF into the extracellular medium, with a slight
decrease being observed relative to the Control (Fig. 8E). This
was unexpected considering that the corresponding total cellu-
lar levels of c-Met decreased after Dp44mT (Fig. 8, F and G), as
observed previously (Figs. 2, A and B, and 3, A, B, E, and F).
Hence, c-Met NTF was not being shed extracellularly, despite
that c-Met CTF was being generated after incubation with
Dp44mT (Fig. 7, A and E). As c-Met CTF is known to be gen-
erated after shedding (14, 16), this therefore must occur intra-
cellularly, and because lysosomes are involved in c-Met inter-
nalization and degradation (Figs. 5 and 6) (64), this may
potentially occur in these vesicles. This would account for the
observed decrease in total cellular c-Met, the lack of c-Met NTF
release into the extracellular medium, and the generation of the
c-Met CTF that occurs via intracellular or extracellular shed-
ding (14 –17).

Examining EDTA and batimastat, both agents decreased
c-Met NTF release into the extracellular medium potentially
due to their ability to prevent metalloprotease activity (Fig. 8E).
Moreover, EDTA and batimastat did not have any significant
effect on corresponding total cellular levels of c-Met relative to
the Control (Fig. 8, F and G). The addition of Dp44mT to EDTA
or batimastat further decreased release of c-Met NTF into the
extracellular medium (Fig. 8E) and significantly prevented the
corresponding loss of total cell c-Met induced by Dp44mT
alone (Fig. 8, F and G).

In conclusion, the results in Fig. 8, E–G, demonstrate in Con-
trol DU145 cells that c-Met NTF is released into the extracel-
lular medium, and this can be decreased by the metalloprotease
inhibitors EDTA or batimastat. Whereas Dp44mT decreases
total cellular c-Met, this is not due to increased extracellular
c-Met NTF shedding. This finding implies that the decrease in
total cellular c-Met by Dp44mT is mediated by increased intra-
cellular processing. Because c-Met CTF generation can also
occur after metalloprotease cleavage in intracellular vesicles
(17), and because Dp44mT stimulated both c-Met CTF levels
(Fig. 7, A and C) and lysosomal degradation of c-Met (Figs. 5
and 6), it can be suggested that the shedding and processing of
c-Met occurs in lysosomes. The decrease in c-Met NTF release
observed with EDTA and batimastat after Dp44mT treatment

could be due to their potent inhibition of metalloprotease
cleavage stimulated by incubation of cells with Dp44mT.

However, for Huh7 cells, the results suggest that lysosomal
activity (Fig. S7) is not involved in the c-Met down-regulation
by the thiosemicarbazones. The decrease observed in MET
mRNA after Dp44mT treatment (Fig. 4, C and D) and, to a
lesser extent, the metalloprotease-mediated intracellular pro-
cessing of c-Met after Dp44mT (Fig. S9) could be important
mediators of the decrease of c-Met in Huh7 cells.

Multiple mechanisms of c-Met down-regulation observed in
DU145 and Huh7 cells are also differentially identified in four
other tumor cell types

The studies above have identified three major mechanisms of
down-regulation of c-Met in DU145 and Huh-7 cells induced
by thiosemicarbazones, namely c-Met lysosomal degradation,
metalloprotease-induced c-Met cleavage, and decreased MET
mRNA expression. To investigate whether these mechanisms
were also responsible for the down-regulation of c-Met by
Dp44mT observed in four other tumor cell types (Fig. S1, C–F),
the following studies were performed, as per the protocols used
previously. In this case, PANC-1 pancreatic cancer, SCC25 oral
squamous cell carcinoma, MDA-MB-231 breast cancer cells,
and Hep3B hepatoma cells were compared with DU145 and
Huh7 cells as relative controls (Fig. S10). In these studies, cells
were incubated with Dp44mT (5 �M) in the presence or absence
of the lysosomotropic agent, CLQ (50 �M/24 h at 37 °C), to
inhibit lysosomal c-Met degradation (Fig. S10A) or EDTA (1
mM/8 h at 37 °C) to prevent metalloprotease activity (Fig.
S10B). The effect on NDRG1 mRNA and MET mRNA levels
was also assessed in all these cell types after incubation with
Dp44mT for 24 h at 37 °C (Fig. S10C).

In these studies, incubation with Dp44mT decreased c-Met
expression in all cell types relative to the control, with CLQ
rescuing c-Met expression in DU145 cells, but not Huh7 cells
(Fig. S10A), as observed previously (Fig. 6 and Fig. S7). For the
additional cell types examined, CLQ rescued c-Met expression
in PANC-1 and SCC25 cells, but not in the others (Fig. S10A).
This suggests that CLQ can prevent lysosomal degradation of
c-Met in DU145, PANC-1, and SCC25 cells. Examining the
effect of EDTA on c-Met expression again demonstrated that it
rescued the down-regulation mediated by Dp44mT in DU145
and Huh7 cells (Fig. S10B), as shown previously (Fig. 7, A and B,
and Fig. S9, A and B). Furthermore, EDTA also rescued the
decrease in c-Met mediated by Dp44mT in all other cell types
(Fig. S10B).

Assessing Dp44mT activity at the mRNA level, the agent
markedly up-regulated NDRG1 mRNA demonstrating its abil-
ity to up-regulate a key target (positive control) in all cell types
assessed relative to control medium alone (Fig. S10C). By inves-
tigating the effect of Dp44mT on MET mRNA expression, again
no down-regulation was observed for DU145 cells versus the
control, although it was markedly decreased in Huh7 cells (Fig.
S10C), as shown previously (Fig. 4). In terms of the other cell
types, Dp44mT had no effect on MET mRNA levels in PANC-1
cells, while a decrease was observed in all other cell types exam-
ined (Fig. S10C). In conclusion, as found for DU-145 and Huh7
cells, Dp44mT induced multiple mechanisms of c-Met degra-
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dation that were differentially observed depending on the cell
type examined.

Discussion

A major mechanism that dictates the pharmacological activ-
ity of thiosemicarbazones is their binding to iron (19, 39, 48). In
fact, saturation of the iron-binding site of these agents largely
prevented their ability to down-regulate c-Met, suggesting a
role for iron chelation in this effect. Considering this, our labo-
ratory has previously demonstrated that both NDRG1 and
MIG6 are up-regulated by thiosemicarbazones by mechanisms
involving cellular iron depletion and the up-regulation of
HIF-1� (27, 36). In fact, we previously reported that the down-
regulation of EGFR was mediated by NDRG1 through its ability
to directly associate with the EGFR inhibitor, MIG6, after
genetic up-regulation of NDRG1 or after incubation of cells
with thiosemicarbazones, which pharmacologically induce
NDRG1 (26, 27). Indeed, NDRG1 markedly increased the half-
life of the EGFR inhibitor, MIG6, resulting in the lysosomal
degradation of EGFR (26, 27).

In contrast to the activity of the thiosemicarbazones on
down-regulating EGFR via MIG6, which was NDRG1-depen-
dent (26, 27), this study demonstrates that the decrease in the
level of c-Met was mediated by an NDRG1-independent mech-
anism for both agents (Fig. 3, A–D). In fact, in the presence of
the thiosemicarbazones, effective silencing of NDRG1 or MIG6
did not rescue the ability of these agents to decrease c-Met and
its phosphorylation. However, under control conditions,
silencing NDRG1 or MIG6 increased c-Met expression and its
phosphorylation, suggesting that this metastasis (79) and
tumor suppressor (80), respectively, acts to regulate c-Met
expression.

To dissect the mechanism involved in the decrease in c-Met
induced by these agents, the effect of the thiosemicarbazones
on different c-Met processing pathways was examined. Studies
progressed to examining the role of the lysosome in the thio-
semicarbazone-mediated increase in c-Met degradation. This
was important, as lysosomal processing plays a significant role
in c-Met degradation (10). Confocal microscopy studies using
DU145 cells indicated that association of the late endosome/
lysosomal marker, LAMP2, with c-Met was increased by co-in-
cubation with Dp44mT or DpC and three lysosomotropic
agents, relative to the thiosemicarbazones alone.

The lysosomotropic agents also inhibited the ability of
Dp44mT and DpC to induce c-Met degradation by DU145
cells. In contrast, using Huh7 cells, no rescue of c-Met was
found upon incubation with the lysosomotropic agents (Fig. S7,
A–C). As such, a different mechanism was active in Huh7 cells,
with the thiosemicarbazones decreasing MET mRNA levels
(Fig. 4, C and D), which could account for the decrease in c-Met
protein in this cell type. No such down-regulation of MET
mRNA by these agents was observed in DU145 cells (Fig. 4, A
and B), indicating a post-transcriptional mechanism of regula-
tion, which was then further assessed in this later cell type.
Examining DU145 cells, the proteasomal inhibitors did not pre-
vent the ability of Dp44mT to decrease c-Met expression and,
in fact, further decreased levels of the precursor and mature
forms. Intriguingly, inhibition of the proteasome by MG132

also increased the c-Met CTF and ICD levels, as demonstrated
by others (10, 15). The CTF c-Met isoform is known to be gen-
erated by extracellular or intracellular c-Met shedding medi-
ated by metalloproteases (10, 14–16). Importantly, in the pres-
ence of MG132, Dp44mT markedly increased c-Met CTF
levels, suggesting increased c-Met shedding (Fig. 7, A and C).

Furthermore, incubation of DU145 cells with a �-secretase
inhibitor, Compound E, that blocks c-Met CTF degradation to
the ICD markedly increased CTF levels, as demonstrated by
others (17), and its levels were further increased in the presence
of Dp44mT (Fig. 7, E and G). These data strongly support the
hypothesis that Dp44mT induced metalloprotease cleavage of
c-Met that could lead to its shedding and could, in part, explain
the decrease in the precursor and mature forms of c-Met. The
ability of Dp44mT to down-regulate the c-Met precursor and
mature forms was largely abrogated by EDTA and batimastat,
both of which are well-characterized, broad metalloproteinase
inhibitors (72–74). These results with the inhibitors suggested
that Dp44mT induces shedding of the NTF of c-Met, via stim-
ulating the plasma membrane bound-metalloproteinases, such
as ADAM10 or ADAM17 (81).

During this shedding process, the c-Met NTF would be lib-
erated into the extracellular medium along with the generation
of a c-Met CTF (Fig. 9A) (10, 15). To test this possibility, c-Met
NTF levels were measured in the extracellular culture medium
after incubation of cells with Dp44mT. Although extracellular
shedding of the c-Met NTF was detected in the Control, con-
trary to our initial hypothesis, there was no significant increase
in c-Met NTF levels in the extracellular medium after incuba-
tion of DU145 cells with Dp44mT alone (Fig. 8E). In fact,
Dp44mT decreased c-Met NTF levels in the extracellular
medium in the presence of the metalloprotease inhibitors, bati-
mastat or EDTA (Fig. 8E), that prevent the decrease in total
c-Met (Fig. 8F). Hence, the decrease in total cellular c-Met in
the presence of Dp44mT alone (Fig. 8F) was not due to
increased extracellular shedding of c-Met NTF. This observa-
tion suggests that intracellular shedding and c-Met degradation
results in the c-Met CTF and the decreased total levels of cel-
lular c-Met.

Considering the findings and reasoning above, an alternative
hypothesis could be suggested that the Dp44mT-induced
increase in c-Met metalloprotease cleavage may also occur
inside cells within vesicles, such as lysosomes (Fig. 9B). For
example, this may occur once c-Met is internalized by the
ligand-independent trafficking of the protein via endocytosis
(15, 17). In fact, intracellular shedding of c-Met has been
reported, with c-Met being shed inside cellular vesicles to pro-
duce the c-Met CTF and NTF (17). Moreover, both c-Met CTF
and NTF were subsequently degraded by the lysosome (17).

In our studies using DU145 cells, Dp44mT increased the
c-Met CTF in the presence of the proteasomal inhibitor (Fig. 7,
A and C), but not the lysosomotropic agents (Fig. S8), suggest-
ing Dp44mT-generated CTF is degraded by the proteasome. In
contrast, the lysosomotropic agents alone without Dp44mT
markedly increased c-Met CTF when compared with the
untreated Control. This indicates c-Met CTF generated under
Control conditions is degraded by the lysosome (Fig. S8). Over-
all, these results suggest that after incubation with Dp44mT, it
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could induce intracellular c-Met shedding to produce the
c-Met CTF, which is then degraded by the proteasome (Fig. 7, A
and C).

It has been described that extracellular and intracellular
c-Met shedding could involve a number of different metallo-
proteases (17). This hypothesis also agrees with our data, where
TIMP-3, an endogenous inhibitor of ADAM10 and -17 (16, 82,
83), did not prevent c-Met loss in the presence of Dp44mT. In
contrast, the broad metalloproteinase inhibitors, EDTA and
batimastat (72–74), prevented the Dp44mT-induced down-
regulation of c-Met. These results suggest metalloprotease(s)
inhibited by EDTA and batimastat, but not by TIMP-3, could be

involved in Dp44mT-induced down-regulation of c-Met (Fig. 8,
A–G).

From the results of this investigation, we propose a model in
DU145 cells (Fig. 9) where under control conditions there is
endocytosis of c-Met and lysosomal degradation, the extracel-
lular and intracellular shedding of c-Met NTF, and the genera-
tion of c-Met CTF and ICD (Fig. 9A). However, after incubation
with Dp44mT, two mechanisms are stimulated: 1) there is
enhanced intracellular shedding, due to increased metallopro-
tease cleavage that results in increased c-Met CTF (Fig. 9B); and
2) there is enhanced lysosomal processing of c-Met (Fig. 9C). As
such, the Dp44mT-induced enhancement of intracellular shed-

Figure 9. Schematic demonstrating that thiosemicarbazones decrease expression of c-Met by two mechanisms involving enhanced lysosomal
degradation and intracellular shedding. The post-transcriptional processing of c-Met (mature and precursor 140 and 170 kDa) in DU145 cells is complex and
consists of the following: A, extracellular shedding and intracellular processing (including intracellular shedding (17)) under Control Conditions mediated by
metalloproteases, e.g. ADAM 10, 17, etc., followed by the generation of a c-Met CTF (55 kDa). The c-Met CTF is then processed by �-secretase to generate a c-Met
ICD (50 kDa). Lysosomal processing and proteasomal degradation are also involved in a concerted manner to degrade c-Met under Control Conditions (15, 16,
17). B, in contrast, after Dp44mT-stimulated processing there is enhanced c-Met CTF generation that can be demonstrated in the presence of the �-secretase
inhibitor, compound E, followed by decreased generation of the ICD. There was a decrease in the release of the c-Met NTF after Dp44mT treatment indicating
potential intracellular shedding and degradation. C, three lysosomotropic agents (NH4Cl, methylamine, and chloroquine) prevent lysosomal degradation. The
extracellular shedding of c-Met (A) was decreased after incubation with Dp44mT and is due to an increase in process (B and C) that is enhanced by treatment
with the thiosemicarbazones.
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ding (Fig. 9B) and lysosomal degradation of c-Met (Fig. 9C)
result in decreased total cellular c-Met.

The ability of Dp44mT to activate these latter processes may
be related to its known efficacy of depleting intracellular iron
and up-regulating iron-sensitive genes in vitro and in vivo (19).
This could act as a stress, and indeed Dp44mT activates the
catabolic enzyme AMP-activated protein kinase, which induces
lysosomal processing and autophagy (84, 85). In fact, it has been
reported that a range of stress stimuli, including Dp44mT, that
induce catabolic autophagy (84, 85), increase internalization of
plasma membrane proteins into early endosomes and then into
the lysosomal compartment (65, 86). Hence, we propose this
mechanism may be important for the initial increased internal-
ization via endocytosis of c-Met into lysosomes mediated by
these agents, which leads to increased lysosomal processing.
This is key to Dp44mT-induced intracellular c-Met shedding
(Fig. 9B) and the lysosomal degradation of c-Met (Fig. 9C).

In summary, this investigation provides an integrated model
(Fig. 9, A–C), which demonstrates the molecular mechanisms of
how thiosemicarbazones decrease oncogenic cellular c-Met. Stud-
ies in multiple cell types demonstrated that Dp44mT decreases
c-Met via a unique combined mechanism involving lysosomal
degradation, shedding by a metalloprotease-sensitive mechanism,
and also MET mRNA down-regulation. Various cell types utilize
combinations of these mechanisms to down-regulate c-Met. This
investigation also demonstrates that c-Met is another key molec-
ular target of the clinically trialed DpT group of thiosemicarba-
zones (18) that explains their potent and selective anti-cancer effi-
cacy in vitro and in vivo (19–23, 26, 39).

Experimental procedures

Cell culture

Human DU145 prostate cancer cells, PANC-1 pancreatic
cancer cells, SCC25 oral squamous cell carcinoma, MDA-MB-
231 breast cancer, and Hep3B hepatoma cells were purchased
from the American Type Culture Collection (Manassas, VA).
Human Huh7 hepatocellular carcinoma cells were kindly pro-
vided by Dr. D. Seth (University of Sydney). DU145 cells were
cultured in RPMI 1640 medium (Sigma) supplemented with
10% (v/v) fetal bovine serum (Sigma), 1% (v/v) nonessential
amino acids, 2 mM L-glutamine, 100 units/ml penicillin, 100
�g/ml streptomycin, and 1% (v/v) sodium pyruvate (Sigma).
Huh7, HepG2, Hep3B, MDA-MB-231, and PANC-1 cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) with the
same supplements added to RPMI 1640 medium. The SCC25 cell
line was grown in DMEM/F12 with the same supplements as with
DMEM and RPMI 1640 medium. All cells were maintained at
37 °C in a humidified atmosphere of 5% CO2.

Gene silencing by small interfering RNA (siRNA)

Two siRNAs for NDRG1 and MIG6 were implemented,
namely siNDRG1 (catalog no. 4392422; Life Technologies, Inc.)
and siNDRG1 II (catalog no. s20334; Life Technologies, Inc.),
and siMIG6 (catalog no. AM16708; Ambion), and siMIG6 II
(catalog no. 4392420; Life Technologies, Inc.). These were com-
pared with a nontargeting negative control siRNA (siControl;
Life Technologies, Inc.; catalog no. AM4635). The siRNAs were
diluted in Opti-MEMTM (Thermo Fisher Scientific, Waltham,

MA) with Lipofectamine RNAiMAX (Invitrogen), as per the
manufacturer’s instructions. Then, DU145 and Huh7 cells at
�50% confluence were incubated in this medium containing
siRNA (75 nM) for 6 h at 37 °C, and then the media were
removed and replaced with Control medium alone for a further
66 h at 37 °C. After incubation with siRNA, cells were har-
vested, and protein extraction and immunoblotting were per-
formed, as described below.

Reagents and treatments

Desferrioxamine (DFO) was purchased from Sigma. The
thiosemicarbazones, 2-benzoylpyridine 2-methyl-3-thiosemi-
carbazone (Bp2mT), Dp44mT, and DpC were synthesized and
characterized, as described previously (37, 39, 47). Of note,
Bp2mT was used as a negative control for Dp44mT and DpC.
Briefly, at �80% confluence, cells were incubated with the com-
pounds at the following concentrations: DFO (100 �M), Bp2mT
(5 �M), Dp44mT (5 �M), and DpC (5 �M) for 24 h in 37 °C. In all
studies, DFO was dissolved directly in media, while Bp2mT,
Dp44mT, and DpC were freshly prepared in dimethyl sulfoxide
(DMSO) at concentrations of 10 mM and then diluted in media
(final [DMSO], �0.1%).

After incubation with the compounds, cells were serum-
starved for 3 h at 37 °C, followed by 15 min at 37 °C treatment
with HGF (50 ng/ml; Life Technologies Inc.; catalog no.
PHG0324), which was dissolved in 0.01% BSA/sterile water and
diluted in fresh media. The lysosomotropic agents, NH4Cl,
methylamine, and chloroquine, and the proteasomal inhibitor,
MG132, were purchased from Sigma. The broad metallopro-
tease inhibitor, EDTA, was also purchased from Sigma, and
batimastat and TIMP-3 were purchased from Tocris and
Sigma, respectively. Compound E and lactacystin were pur-
chased from Life Technologies, Inc., and Santa Cruz Biotech-
nology, respectively.

Protein extraction and Western blot analysis

Total protein was extracted using standard procedures in our
laboratory (58). Western blot analysis was performed, as
described previously (87). The primary antibody used against
human NDRG1 was from Abcam Inc. (amino acids 382–394;
goat; 1:2000; catalog no. ab37897; Abcam Inc., Cambridge, UK).
The following antibodies were purchased from Cell Signaling
Technology (Danvers, MA) and were used at a 1:1000 dilution:
rabbit monoclonal anti-Met XP� (catalog no. 8198), rabbit
monoclonal anti-phospho-Met (Y1003; catalog no. 3135), rab-
bit monoclonal anti-phospho-Met (Y1234/1235; catalog no.
3077), rabbit monoclonal anti-phospho-Met (Y1349; catalog
no. 3133), anti-Gab1 (catalog no. 3232), anti-phospho-Gab1
(Y307; catalog no. 3234), and anti-HSP90 (catalog no. 4877). An
antibody against �-actin (mouse; 1:10,000; catalog no. A5441;
Sigma) was used as a protein-loading control.

RNA extraction and reverse transcription PCR (RT-PCR)

The total RNA from cells was extracted using the TRI
Reagent� solution (catalog no. AM9738; Thermo Fisher Scien-
tific, Waltham, MA) following the manufacturer’s protocol.
The RNA concentration was measured using a NanoDrop�
1000 spectrophotometer (Thermo Fisher Scientific). RT-PCR

Thiosemicarbazones decrease c-Met via multiple mechanisms

J. Biol. Chem. (2020) 295(2) 481–503 499



was performed following standard procedures (87). The primers
used are as follows: for NDRG1, 5	-TCACCCAGCACTTTGCC-
GTCT-3	 (forward) and 5	-GCCACAGTCCGCCATCTT-3	
(reverse); for MET, 5	-CAGGCAGTGCAGCATGTAGT-3	 (for-
ward) and 5	-GATGATTCCCTCGGTCAGAA-3	 (reverse); for
HSP90AA1, 5	-GGGACCAAAGCGTTCA-3	 (forward) and 5	-
AGGGATTAGCTCCTCACA-3	 (reverse); and for �-actin, 5	-
CCCGCCGCCAGCTCACCATGG-3	 (forward) and 5	-AAGG-
TCTCAAACATGATCTGGGTC-3	 (reverse). As an internal
control, the housekeeping gene �-actin was amplified from the
same samples. RT-PCR was semi-quantitative, as demonstrated
by an optimization protocol showing it was in the log-phase of
amplification.

Immunofluorescence and confocal microscopy

Cells were seeded into 24-well plates (Sigma) containing sterile
glass coverslips (12 mm diameter; catalog no. G401-12; ProS-
ciTech, Queensland, Australia) in media and were grown to �50%
confluence. These cells were then incubated with Dp44mT (5 �M),
DpC (5 �M), NH4Cl (15 mM), MA (15 mM), and CLQ (50 �M),
alone or in combination for 24 h at 37 °C. The media were then
discarded, and the cells were fixed with 4% (w/v) paraformal-
dehyde (Sigma) for 10 min at room temperature.

Cells were then washed with PBS (three times for 5 min)
followed by permeabilization with 0.2% (v/v) Triton X-100/PBS
for 5 min at room temperature. Then, another set of washes
with PBS was performed. A blocking solution, 5% (w/v) BSA/
PBS, was then applied for 1 h at room temperature and washed
off with PBS (two times for 10 min), and then the primary anti-
bodies against Met XP� (rabbit; 1:100; catalog no. 8198; Cell
Signaling Technology) and LAMP2 (mouse; 1:100; catalog no.
ab25631; Abcam Inc.) in 1% (w/v) BSA/PBS were applied with
agitation at 4 °C overnight.

The primary antibody was then removed, and the coverslips
were washed with PBS (three times for 10 min), followed by
incubation with secondary anti-mouse Alexa Fluor� 488 con-
jugate (catalog no. 4408; Cell Signaling Technology) and anti-
rabbit Alexa Fluor� 594 conjugate (catalog no. 8889; Cell Sig-
naling Technology) diluted in 1% (w/v) BSA/PBS for 1 h/room
temperature. After another set of washes with PBS, coverslips
were mounted on glass microscope slides (Menzel Glaser;
Braunschweig, Germany) using ProLong Gold anti-fade
mounting solution with 4	6-diamidino-2-phenylindole (cata-
log no. P36935; Life Technologies, Inc.).

Cells were then visualized using a Zeiss LSM 510 Meta spec-
tral confocal microscope (Carl Zeiss Microscopy, Jena, Ger-
many; Advanced Microscopy Facility, Bosch Institute, Univer-
sity of Sydney) at �63 magnification. Images were taken and
processed using LSM 510 Meta software (Carl Zeiss Micros-
copy). Z-stack imaging was performed according to the man-
ufacturer’s instructions.

ELISA for the measurement of c-Met NTF levels in the culture
medium

Cells were incubated with the agents Dp44mT (5 �M), EDTA
(1 mM), and batimastat (5 �M) alone or in combination for 8 h at
37 °C. Culture media were then collected and centrifuged for
1000 � g for 5 min at 4 °C to remove cellular debris. These

media samples were then filtered using a 0.22-�m filter unit
(Merck Millipore) to remove cellular debris. The soluble
c-Met/c-Met NTF levels in the filtered media were measured
using an ELISA kit (catalog no. KHO2031, Invitrogen) follow-
ing the manufacturer’s instructions. Culture media incubated
in Petri dishes without cells were used as appropriate blanks for
the measurements. All samples were processed on ice.

Densitometry

Densitometric analysis was performed to quantify data
obtained from immunoblotting, RT-PCR, and immunofluores-
cence. For quantifying the intensities of bands from immuno-
blotting and RT-PCR, ChemiDoc Image Lab software (Bio-
Rad) and Quantity One software (Bio-Rad) were used,
respectively. Intensities of target protein bands relative to �-ac-
tin are presented in arbitrary units (A.U.).

Statistical analysis

Results are presented as mean � S.E. Data were compared
using Student’s paired t test. Results were considered statisti-
cally significant when p � 0.05. To quantify co-localization,
Pearson’s coefficients were calculated using ImageJ software
(National Institutes of Health).
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