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ABSTRACT: Lung cancer cells harboring activating EGFR
mutations acquire resistance to EGFR tyrosine kinase
inhibitors (TKIs) by activating several bypass mechanisms,
including MET amplification and overexpression. We show
that a significant proportion of activated MET protein in
EGFR TKlI-resistant HCC827 lung cancer cells resides within
the mitochondria. Targeting the total complement of MET in
the plasma membrane and mitochondria should render these

PHA-665752

cells more susceptible to cell death and hence provide a means of circumventing drug resistance. Herein, the mitochondrial
targeting triphenylphosphonium (TPP) moiety was introduced to the selective MET kinase inhibitor PHA665752. The resulting
TPP analogue rapidly localized to the mitochondria of MET-overexpressing erlotinib-resistant HCC827 cells, partially
suppressed the phosphorylation (Y1234/Y123S) of MET in the mitochondrial inner membrane and was as cytotoxic and
apoptogenic as the parent compound. These findings provide support for the targeting of mitochondrial MET with a TPP-TKI
conjugate as a means of restoring responsiveness to chemotherapy.
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nonsmall cell lung cancer

rug resistance to the EGFR tyrosine kinase inhibitors

(TKIs) gefitinib and erlotinib seriously impedes the
therapeutic usefulness of these drugs on nonsmall cell lung
cancers (NSCLC) that harbor activating mutations at the
catalytic domain of EGFR, the most common of which are
found at exon 21 (L858R) and exon 19 (delE746-A750).'
Acquired resistance due to a single point mutation at the
gatekeeper residue (T790M) on the kinase domain” enhances
affinity for ATP and displaces gefinitib and erlotinib, which are
ATP-competitive inhibitors from the kinase binding pocket.’
Aside from acquired secondary EGFR mutations, resistance to
TKIs may arise from constitutive activation of alternative
signaling pathways that bypass or lie downstream of EGFR.*
The hepatocyte growth factor (HGF)-MET signaling pathway
is frequently cited as a bypass mechanism co-opted by cancer
cells with acquired or innate resistance to TKIs."~’ MET is
amplified in approximately 20% of tumors from NSCLC
patients with acquired resistance®~'” and its presence correlates
with poor prognosis in surgically resected patients.'” Engelman
and co-workers described the focal amplification of the MET
proto-oncogene in an NSCLC cell line that was resistant to
gefitinib and the modest restoration of sensitivity when MET
signaling was inhibited."’ Viewed in this context, inhibition of
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the HGF-MET axis may potentially reverse resistance to TKIs,
hence restoring the curative efficacies of these drugs. Other
strategies to address resistance to TKIs have been recently
reviewed.'”

We have previously shown that MET overexpression in
cancer cells is associated with MET protein localization to the
mitochondria while also remaining on the plasma membrane.'?
The presence of MET in the mitochondria shifted cellular
metabolism to a state of heightened glycolysis, increased
tricarboxylic acid (TCA) cycle activity, and oxidative
phosphorylation."? Such metabolic remodeling would conceiv-
ably enhance the fitness of cancer cells for survival by increasing
ATP production and providing abundant TCA cycle inter-
mediates for biomass production. Thus, we postulate that in
these and other ways yet to be uncovered, mitochondrial MET
increases the fitness of cancer cells for survival and may
counteract anticancer therapies designed to achieve cell killing.
The corollary is that inhibition of mitochondrial MET would
serve to restore responsiveness to chemotherapy. However,
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current MET kinase inhibitors are designed to inhibit MET in
plasma membranes, not MET sequestered within the
mitochondria. Thus, if the total complement of MET that
resides in plasma and mitochondrial membranes is to be
inhibited, inhibitors should have a mitochondrial-targeting
motif that would direct delivery to the organelle while not
compromising the inherent ability of the entity to inhibit MET.
To test this hypothesis, we prepared a probe molecule
(TM608) in which a triphenylphosphonium (TPP) moiety is
conjugated to a selective MET inhibitor, PHA665752 (Scheme
1A). TPP is one of the more widely employed mitochondrial

Scheme 1. (A) Modification of PHA665752 To Give
TM608; (B) Synthesis of TM608“
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“Reagents and conditions: (a) chlorosulfonic acid; (b) 2,6-
dichlorobenzyl bromide, NaH,PO,, N2,SO;, 30—60 °C, acetone; (c)
POCIl,;, DMF; (d) NaOH reflux; (e) piperidine, ethanol, 60 °C; (f)
PPh,, 80 °C; (g) EDCI, DMAP, DMF, tt.

directing motifs.'"* TPP conjugates of several bioactive
molecules (antioxidants, anticancer agents) have been reported
to specifically accumulate in the mitochondria, with enhance-
ment of the desired activity.'””~"” The lipophilicity of the TPP
cation coupled with extensive delocalization of the positive
charge favors accumulation in the organelle due to the
substantial potential difference that exists across the mitochon-
drial membranes.'®

To rationally design TM608 so that kinase inhibitory activity
is retained, we examined the orientation of PHA665752 in the
ATP-binding pocket of MET (SI, Figure s1).”? Noting that
PHAG665752 binds to the pocket with its basic side chain
directed toward the solvent space and away from the critical
hinge region (Met1160, Pro1158) that is required for catalytic
activity, we inserted the TPP moiety in place of the basic side
chain and attached it to the core scaffold via an ethyl-
aminocarbonyl linker. Redocking of TM608 showed that it was
retained within the hinge region with the TPP side chain
directed toward the solvent space (SI, Figure S1). Scheme 1B
outlines the synthesis of TM608. Briefly, the pyrrole
carboxylate 4 was formylated in a Vilsmeier reaction,
hydrolyzed to yield the free acid 6 and condensed with
indolinone 3 to give intermediate 7. EDC coupling between 7
and (2-aminoethyl) triphenyl phosphonium bromide 8 gave
TM608 in satisfactory yields. Details are provided in SIL

With the probe molecule TM608 on hand, we proceeded to
interrogate its ability to inhibit MET kinase in NSCLC cells
that are resistant to TKIs. An isogenic pair of NSCLC cells
(HCC827A and HCC827B) was used for this purpose. The
parental HCC827A cells harbor an activating mutation in exon
19 of EGFR and is erlotinib-sensitive. Its derivative HCC827B

808

is erlotinib-resistant and MET-enriched,*® but the location of
MET, at its usual site at the cell membrane or additionally
partitioned to other organelles, is not known. We were curious
if the “extra” MET is localized to the mitochondria as this has
been observed in other MET-amplified malignant cells."?
Hence, we carried out an immunoblotting analysis of activated
MET (MET phosphorylated at the catalytic tyrosine residues
Y1234/1235) in whole cell lysates comprising equal numbers
(10%) of HCC827A or HCC827B cells and the subcellular
fractions derived from this number of cells as they were
fractionated to obtain purified mitochondria. The signal from
each lane in Figure 1 reflects phosphorylated MET (p-MET)

WC HM FT PM WC HM FT PM
=9 -
HCC827A HCC827B
Type (A) HCC827A  (B) HCC8278 Ratio of B/A
p-MET_Whole cells (WC) 3,093,741 17,660,748 571
p-MET_Heavy membranes (HM) 22,701,372 16,714,066 0.74
p-MET_Flow through (FT) 1,782,308 5,140,260 2.88
p-MET_Pure mitochondria (PM) 256,804 1,558,633 6.07

Figure 1. Expression of activated MET protein (phospho-Y1234/
1235) in whole cells, heavy membranes, flow-through fraction and
pure mitochondria derived from HCC827A and HCC827B cells. B/A
ratios report the extent to which HCC827B cells or fractions were
enriched in p-MET (Y1234/Y1235) compared to the corresponding
HCCB827A cells/fractions.

present in the same number of cells (10° cells) but not derived
from identical total protein loading because the amounts of
protein would progressively decline as purification progressed.
The subcellular fractions (heavy membranes were obtained by
centrifuging whole cell lysates at 500g for S min and were
enriched in plasma membranes; the flow-through fraction did
not bind to the anti-TOM22 beads used to capture
mitochondria) were derived at each sequential fractionation
step leading to pure mitochondria. Quantification by
densitometry confirmed that whole cell lysates of HCC827B
cells had nearly six times more p-MET (Y1234/123S) than
HCC827A cells (B/A ratio 5.71). Moreover, the increase in p-
MET (Y1234/Y1235) was more pronounced in the mitochon-
dria (B/A ratio 6.07) than in the other fractions.

The susceptibility of the mitochondrial MET in HCC827B
to pharmacological inhibition would depend on whether MET
is located externally at the outer membrane or internally, within
the inner mitochondrial membrane. To determine the site(s) at
which MET was localized, we carried out controlled
trypsinization of pure mitochondria derived from HCC827B
cells and probed for the presence of a- and f-subunits of MET,
TOM20 (an outer mitochondrial membrane protein), and
SDHA (an inner mitochondrial membrane protein). As seen
from Figure 2, trypsinization degraded TOM20 but had little
effect on MET and SDHA. Thus, we concluded that MET was
located at a similar intramitochondrial compartment as SDHA,
namely, the inner mitochondrial membrane. Taken together,
these experiments affirmed the presence of stable and high
levels of activated MET sequestered within the inner
membranes of the mitochondria of HCC827B cells. Hence
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Figure 2. Detection of MET and mitochondrial membrane proteins
(TOM20, SDHA) in intact whole cells WC (Lane 1), intact pure
mitochondria PM (Lane 2), and time-controlled trypsinized
mitochondrial fractions from HCC827B cells (Lanes 3—5).

HCC827B is a clinically relevant resistant phenotype of
NSCLC on which investigations on TM608 could be pursued.

We then proceeded to determine the growth inhibitory
activities (ICsy) of PHA665752 and TM608 on HCC827A and
HCC827B cells by the colorimetric tetrazolium assay. The
sensitivity of the HCC827A cells to erlotinib was confirmed. In
our hands, % viability at 1 M erlotinib was 22.4% =+ 2.8 (n=
3) versus 72.4% + 4.4 (n = 3) on HCC827B cells. PHA-665752
and TM608 were equipotent on the erlotinib sensitive
HCC827A cells with ICy, values (72 h) of 15.7 + 0.4 uM
(PHA665752) and 167 + 1.0 uM (TM608) (p = 0.2156,
unpaired Student’s ¢ test). On the erlotinib-resistant high MET
expressing HCC827B cells, TM608 was found to be modestly
more potent, with ICy, of 5.3 + 0.4 uM compared to 8.9 + 0.6
uM for PHA665752 (p = 0.0013, unpaired Student’s t test).
Interestingly, TM608 was less cytotoxic than PHA665752 when
evaluated on TAMH (TGFa murine hepatocytes), a stable,
nontumorigenic, and metabolically competent cell line that is
widely used for toxicological evaluation.”' The 24 h ICy, of
TM608 was 15.1 uM (£1.6) as compared to 8.9 uM (+1.2) for
PHA665752.

Both TM608 and PHAG665752 induced apoptosis in
HCCB827B cells as seen from the elevated levels of apoptotic
marker proteins (cleaved PARP, cleaved caspases 3 and 7) in
cells treated with sublethal concentrations (4 uM) of either
compound (Figure 3). The onset of apoptosis was delayed in
TM608-treated cells but, once triggered, persisted up to the 60
h time point.

To determine if the presence of the TPP moiety would
preferentially direct TM608 to the mitochondria, we treated
HeLa cells to sublethal conditions of 4 pM TM608 or
PHAG665752 for 3 h, followed by treatment with the

TM608 (4 uM) PHA665752 (4 uM)

C C 12h 12n 24h 24h 36h 36h 48h 48h 60 h 6O0h C C 12h 12h 24h 24h 36h 35 h 48h 48h 6O h 60K

Cleaved PARP
Cleaved Caspase 7
Cleaved Caspase 3

- - — - -

——— -

GADPH “ T T T T T

Figure 3. Immunoblots of apoptotic markers (cleaved PARP, cleaved
caspases 3 and 7) in whole cell lysates of HCC827B cells treated with
4 yM TM608 or 4 uM PHAG665752 at 12, 24, 36, 48, and 60 h time
points. Controls (C) were untreated cells at 0 h under similar
conditions. GADPH was the loading control.
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mitochondrion-specific dye MitoTracker Red (MTR) and
visualization by confocal microscopy. Both TM608 and
PHAG665752 emitted green fluorescence but only TM608
colocalized with MTR in the mitochondria (Figure 4).

Phase Contrast Hoechst 33342 Merged

Phase Contrast

Hoechst 33342,
§ 53

PHA665752

Figure 4. Confocal microscopy images of HeLa cells treated with 4
uM TM608 (1st row) and 4 uM PHA665752 (2nd row) for 3 h and
stained with MitoTracker Red and Hoechst 33342 for visualization of
mitochondria and nuclei, respectively. PHA665752 and TM608 are
fluorescent (Ex 460 nm, Em 520 nm). Overlap of the fluorescence of
TM608 (green) and MTR (red) is evident from the Merged Panel.

The localization of TM608 in the mitochondria was further
investigated by a flow cytometric analysis of purified
mitochondria isolated from HCCS827B cells that were treated
with PHA665752 or TM608 (4 uM, 1 h) in the absence or
presence of MTR for mitochondrial staining (Figure S).
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Figure 5. Representative flow cytometry dot plots from double
staining experiments using MTR and test compounds (TM608/
PHA665752) in purified mitochondria of HCC827B cells. (A)
Selection of mitochondria based on forward scatter (x-axis) and side
scatter (y-axis) plot. Events within the gate R1 were selected for
analysis. (B) Unstained control sample (DMSO). (C—G) Fluo-
rescence of samples stained with MTR, TM608, PHA665752, MTR +
TM608, and MTR + PHA665752 for events within R1.

Mitochondria were distinguished from the background by
their light scattering properties deduced from side scatter versus
forward scatter plots. The selected gated population (R1,
Figure SA) was analyzed for MTR fluorescence, test compound
(TM608 or PHA665752) fluorescence, and combined MTR-
test compound fluorescence. More than 98% of the events
within Rl were MTR positive (Figure SC), confirming that
mitochondria were being examined. Almost the same
proportion of R1 events (98%) were TM608 positive (Figure
5D), an indication that the mitochondria were stained with
TM608. The proportion of R1 events that were “double-
stained” with MTR and TM608 was exceedingly high (Q2 95%,
Figure SE), confirming the colocalization of MTR and TM608
in the mitochondria. Interestingly, a small proportion (Q2

DOI: 10.1021/acsmedchemlett.6b00223
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35%) of the Rl events depicted double staining of MTR and
PHA665752 (Figure SG), which implied that some
PHA665752 had gained access into the mitochondria, albeit
at levels that were greatly exceeded (2.5X) by TM608. Thus,
evidence from two different approaches point to the
mitochondrial localization of TM608.

We then proceeded to determine if the localization of
TM608 in the mitochondria would suppress the activation of
mitochondrial MET in HCC827B cells. Whole cells and
purified mitochondria were separately treated with TM608 or
PHAG665752 at 4 uM for 1 and 1.5 h. Immunoblotting of whole
cell lysates and mitochondrial fractions showed that MET
protein expression was not altered by TM608 or PHA-665752
under these conditions (Figure 6A). However, PHA665752 and

Pure mitochondria
PHABE5752 TME08

Whole cells
Control PHAB65752 TMG08
1h 15h 1h 15h 1h 15h

Total MET '“.a“
PMET(Y1234/5) |

Actin/SDHA

[A] Control

1h 15h 1h 15h 1h 15h

(8] Whole cells 24h Pure mitochondria 24h
Control PHAB65752 TME08 Control PHA665752 TMG08
a-MET
B-MET

p-MET (¥1234/5)

Actin/SDHA

Figure 6. Immunoblots of MET and phospho-MET (Y1234/Y1235)
in whole cell lysates and purified mitochondrial proteins of MET-
overexpressing HCC827B cells. (A) Cells and pure mitochondria
isolated from cells were separately treated with PHA665752 or TM608
(4 uM) for 1 and 1.5 h. (B) Cells were treated with PHA665752 or
TM608 (4 uM) for 24 h, after which whole cell lysates and
mitochondria were isolated from treated cells and probed for phospho-
MET. In both (A) and (B), 10 ug of protein was loaded in each lane.
SDHA and actin were loading controls for mitochondria and whole
cells, respectively.

TM608 suppressed MET phosphorylation at Y1234/123S in
whole cell lysates. The suppression was predictably complete in
lysates treated with PHAG665752 but partial in the case of
TM608. It would seem that the presence of TPP had
compromised the fit of TM608 at the kinase site, thus partially
attenuating its MET inhibitory activity.

When we probed mitochondrial fractions that were initially
isolated from HCCB827B cells and then treated with either
TM608 or PHA665752 over the same time period, no evidence
of phospho-MET inhibition was detected for either compound
(Figure 6A). Such an outcome was anticipated for PHA665752
in view of its limited presence in the mitochondria but was
unexpected for TM608. We reasoned that TM608 would
require a longer treatment time to manifest its suppressive
effects on MET because it is a weaker MET inhibitor than
PHAG665752. Hence, HCC827B cells were exposed to TM608
or PHA665752 (4 uM) for 24 h, after which mitochondria were
isolated from the treated cells and probed for p-MET Y1234/
1235 (Figure 6B). The longer treatment time necessitated a
change in the experimental sequence (treatment followed by
isolation of mitochondria) as the structural integrity of isolated
mitochondria would be lost if the previous method (isolation
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followed by treatment) was employed. Whole cells treated with
either compound for the extended time were also probed for p-
MET Y1234/1235. The results on the whole cell Iysates were
essentially similar to those obtained at the shorter time
intervals, thus confirming that TM608 partially inhibited the
activation of MET in HCC827B cells.

When we examined the treated mitochondrial fractions,
TM608 was now found to significantly suppress MET
phosphorylation, but to our surprise, PHA665752 also
diminished the phosphorylation of mitochondrial MET. To
explain these unusual findings, we recalled that the preceding
mitochondrial colocalization investigations by flow cytometry
detected some PHA665752 in the mitochondria (Figure 5G),
which would imply that even without a mitochondrial targeting
entity, PHA665752 gains access to the mitochondria, possibly
due to its lipophilicity and charged state. Prolonging the
exposure time would have allowed more of it to accumulate
within the mitochondria and potently inhibit MET in that
organelle, as observed here. In the case of TM608, the
mitochondrial targeting motif accelerated its entry into the
mitochondria but hampered inhibition. Consequently, a longer
time was necessary to augment its MET inhibitory activity,
which was likewise reflected in other downstream events, as
evidenced from the slower onset of TM608-induced apoptosis
that nonetheless went to completion (Figure 3). Rapid
localization to the mitochondria would advantageously blunt
extra-mitochondrial off-target effects, and this could have
contributed to the cytotoxicity advantage displayed by
TM608 on TAMH cells.

MET activates multiple signaling pathways and is intrinsically
networked for cross-talk with other receptor tyrosine kinases
(RTKs).”” We have observed a hitherto unrecognized facet of
MET kinase activity, namely, its localization to the mitochon-
dria of cancer cells, which are high MET expressors' and the
ensuing alteration of cellular functions that promote survival
and hence resistance to TKIs. Our finding resonates with that
of Ding et al, who showed that ERBB2 translocated to
mitochondria of cancer cells and that localization was
associated with greater resistance to cell killing by trastuzumab,
a monoclonal antibody that blocks plasma membrane ERBB2
kinase activation.”” The similarity of observations from these
independent studies on two different RTKs (MET and ERBB2)
hint at an expanded view of how these kinases affect cellular
functions beyond the canonical model of signaling from the
plasma membrane and the potential of targeting mitochondrial
RTKs as a means of exploiting a distinct vulnerability of cancer
cells.

In conclusion, our findings provide proof of concept that
TM608, a first example of a TPP-TKI conjugate, rapidly
accumulates in mitochondria and suppresses the activation of
MET in high MET expressing, erlotinib-resistant HCC827B
cells (total cell lysates and mitochondrial fractions). That
inhibition of MET activation by TM608 was time dependent
but incomplete, points to the direction future synthetic efforts
should take, namely, to reconcile targeted delivery with robust
potency in final analogues. It is however telling that, in spite of
its weaker inhibitory activity, TM608 was as potent and
apoptogenic as PHA665752 in abrogating NSCLC cell viability.
Directed accessibility to the mitochondria as afforded by a
targeting moiety like TPP could conceivably compensate for
deficient activity if uptake is rapid, cumulative, and selective.
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