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Mitochondria-targeted drugs stimulate mitophagy and
abrogate colon cancer cell proliferation
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Mutations in the KRAS proto-oncogene are present in 50% of
all colorectal cancers and are increasingly associated with
chemotherapeutic resistance to frontline biologic drugs.
Accumulating evidence indicates key roles for overactive KRAS
mutations in the metabolic reprogramming from oxidative phos-
phorylation to aerobic glycolysis in cancer cells. Here, we sought
to exploit the more negative membrane potential of cancer cell
mitochondria as an untapped avenue for interfering with energy
metabolism in KRAS variant-containing and KRAS WT colo-
rectal cancer cells. Mitochondrial function, intracellular ATP
levels, cellular uptake, energy sensor signaling, and functional
effects on cancer cell proliferation were assayed. 3-Carboxyl
proxyl nitroxide (Mito-CP) and Mito-Metformin, two mito-
chondria-targeted compounds, depleted intracellular ATP lev-
els and persistently inhibited ATP-linked oxygen consumption
in both KRAS WT and KRAS variant— containing colon cancer
cells and had only limited effects on nontransformed intestinal
epithelial cells. These anti-proliferative effects reflected the
activation of AMP-activated protein kinase (AMPK) and the
phosphorylation-mediated suppression of the mTOR target
ribosomal protein S6 kinase B1 (RPS6KB1 or p70S6K). More-
over, Mito-CP and Mito-Metformin released Unc-51-like
autophagy-activating kinase 1 (ULK1) from mTOR-mediated
inhibition, affected mitochondrial morphology, and decreased
mitochondrial membrane potential, all indicators of mitophagy.
Pharmacological inhibition of the AMPK signaling cascade mit-
igated the anti-proliferative effects of Mito-CP and Mito-Met-
formin. This is the first demonstration that drugs selectively
targeting mitochondria induce mitophagy in cancer cells. Tar-
geting bioenergetic metabolism with mitochondria-targeted
drugs to stimulate mitophagy provides an attractive approach
for therapeutic intervention in KRAS WT and overactive
mutant-expressing colon cancer.
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Colorectal cancer is predicted to afflict 1 of every 20 people in
the United States and is the third major cause of cancer with an
estimated 100,000 new cases reported annually in the United
States (1). With the identification of hereditary high-risk fac-
tors, modifiable lifestyle choices, and the increase in screening,
the incidence rate of colon cancer has been on the decline.
Nevertheless, with equal incidence between males and females,
there were ~50,000 colon cancer—associated mortalities pro-
jected in the United States for 2016 with another 700,000
worldwide (1). The first line of treatment for localized disease is
surgical resection; perioperative chemotherapy and/or radia-
tion therapy is often employed once the cancer has penetrated
the bowel wall or spread to lymph nodes. Typically, the first-
line chemotherapy for metastatic colon cancer is FOLFOX
(5-FU, leucovorin, and oxaliplatin) or FOLFIRI (5-FU, leucov-
orin, and irinotecan). However, these treatments can be cyto-
toxic with pronounced side effects and off-target conse-
quences. Alternative chemotherapies currently in development
include recombinant fusion growth factor protein (aflibercept),
tyrosine kinase inhibitor (regorafenib), and biologic monoclo-
nal antibodies that block angiogenesis (bevacizumab) or target
the epidermal growth factor receptor (cetuximab and panitu-
mumab). A major caveat to these treatment regimens is that
their efficacy is restricted to tumors that express WT KRAS
protein. Unfortunately, KRAS is a common genetic mutation,
accounting for ~50% of colorectal cancer oncogenic mutations (2,
3). Although the treatment of WT KRAS colon cancer has
advanced with the use of biologics, a recent report has attributed
the emergence of oncogenic KRAS mutations as the cause of
intrinsic or acquired cetuximab resistance, rendering previously
cetuximab-sensitive cancer cells resistant to therapy and subse-
quent relapse (4). Thus, there remains a significant need for ther-
apies with increased efficacy, reduced toxicity, and directed tumor
specificity, particularly in the context of RAS oncogene expression.

Accumulating evidence suggests that constitutively active
KRAS mutations aid the metabolic reprogramming of tumor
cells involving a shift from oxidative phosphorylation
(OXPHOS)? to aerobic glycolysis (the Warburg effect) (5).
With the continuing demonstration that mitochondrial metab-

2 The abbreviations used are: OXPHOS, oxidative phosphorylation; Mito-CP,
3-carboxyl proxyl nitroxide; CP, carboxyl proxyl; 2-DG, 2-deoxyglucose;
AMPK, AMP-activated protein kinase; OCR, oxygen consumption rate; TEM,
transmission EM; TMRE, tetramethylrhodamine ethyl ester; FCCP, carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone; MTD, mitochondria-tar-
geted drug.
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Mitochondria-targeted drugs impede colon cancer proliferation

olism is a key player in cancer development, progression, and
metastasis, it is rational to exploit this observation and explore
mitochondria-targeted compounds as novel, untapped thera-
peutics. Indeed, we have shown that compounds targeted to the
mitochondria induce anti-proliferative and cytotoxic effects in
tumor cells without a significant impact on the surrounding
normal cells (6 -9). These novel mitochondria-targeted agents
have been generated by chemically tethering an alkyl triphenyl-
phosphonium cation (TPP") moiety via an aliphatic linker
chain to bioactive molecules (7, 8, 10 —12). The lipophilic TPP™*
cation facilitates the crossing of mitochondrial membrane, and
the delocalized positively charged TPP™ moiety accumulates in
the largely electronegative transmembrane potential of the
mitochondria (13-16). Thus, the enhanced uptake and reten-
tion of TPP*-containing bioavailable compounds in tumor cell
mitochondria has been posited to be the mechanism behind
their selective proliferative inhibition (17-22). A number of
these mitochondria-targeted molecules demonstrate consider-
able anti-tumor activity (8, 17, 18), however, the precise molec-
ular mechanism(s) by which these drugs exert their anti-prolif-
erative, anti-migratory, and anti-invasive effects remains
poorly understood. Thus, we sought to determine the biomo-
lecular pathways triggered by model mitochondria-targeted
agents.

Mito-CP, a superoxide dismutase mimetic (3-carboxyl
proxyl (CP) nitroxide ), conjugated to TPP*, has demonstrated
directed anti-proliferative and cytotoxic effects in regard to
both pancreatic and breast cancer cells, without markedly
affecting nontransformed cells (7, 8). Mito-CP, a potent dis-
rupter of mitochondrial metabolism, in combination with 2-de-
oxyglucose (2-DG), an inhibitor of glycolysis, synergized to
deplete intracellular ATP, reduce cell proliferation, and induce
apoptosis of pancreatic tumor cells in vitro (7). Co-administra-
tion of Mito-CP and 2-DG led to significant tumor regression in
a murine model of breast cancer (8). Anti-cancer effects of
Mito-CP have also been shown in medullary thyroid cancer (23)
and malignant mesothelioma (24). However, the mechanistic
basis of these findings are not known. In addition to Mito-CP,
we discovered that a TPP " -conjugated derivative of the FDA-
approved type 2 diabetes drug Metformin, which we termed
Mito-Met,,, was 1000-fold more potent in inhibiting pancre-
atic cancer cell proliferation by impeding cell cycle progression,
relative to the parental Metformin compound (6). Patients tak-
ing Metformin have a correlative lower risk of colorectal cancer
(25, 26). Metformin is posited to inhibit the mitochondrial elec-
tron transport complex I and indirectly activates the AMP-ac-
tivated protein kinase (AMPK) signaling cascade, leading to
suppressed colon carcinoma proliferation and reduced polyp
formation (27, 28). These results encouraged us to determine
whether Metformin conjugated to TPP™ (Mito-Met,,) might
impact colon cancer cell dynamics. Here, the efficacy and bio-
chemical mechanisms of Mito-CP and Mito-Met,, on colon
cancer proliferation and bioenergetic metabolism were investi-
gated. Both of these different agents restricted the ability of the
tumor cells to cope with energetic stress. Examining a panel of
both cell types, we found that KRAS WT colon cancer cells, as
well as colon cancer cells with constitutively active KRAS, were
exquisitely sensitive to both molecules as assessed by their
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impact upon cell proliferation. Mito-CP— and Mito-Met,,—
induced changes in mitochondrial bioenergetics activated
AMPK signaling, concomitantly blocking mTOR-mediated
proliferation and inducing mitophagy-like markers such as
decreased mitochondrial membrane potential and disruption
of cellular architecture. This study is the first to demonstrate
the molecular mechanisms by which compounds engineered to
localize within the mitochondria limit colon cancer prolifera-
tion and progression.

Results

Mito-CP and Mito-Met,, effectively inhibit colon cancer cell
proliferation

Oncogenic KRAS drives metabolic reprogramming from
mitochondrial (catabolic) to glycolytic (aerobic) energy pro-
duction (the Warburg effect) (29). Indeed, Weinberg et al.
have demonstrated that HCT116 cells shift their mitochon-
drial metabolism pathway to facilitate anaerobic glycolytic
KRAS-induced anchorage-independent proliferation (5).
The therapeutic potential of two potent mitochondria-tar-
geted TPP* biomolecules, Mito-Met,, and Mito-CP, was
assessed using reductionist colon cancer models. Initially,
HCT116 (KRASS'®P) and HT-29 (WT KRAS) cells were
seeded onto a 96-well plate and treated with increasing concen-
trations of Mito-CP (0—-10 uM) or Mito-Met;, (0-100 um).
Cells were placed into an IncuCyte S3 and image acquisition
started immediately to establish background proliferation. At
day 1, cells were treated with titrated doses of Mito-CP or Mito-
Met,, and images of each well were automatically acquired
every 2 h for 5 days to allow us to assess cell confluence kinetics.
The changes in percent confluency (% confluency), as a readout
for proliferation, were monitored in real time. Both cell lines
demonstrated a dose-dependent diminution in cell prolifera-
tion when treated with increasing concentrations of Mito-CP
(Fig. 1, A and B) or Mito-Met,, (Fig. 1, C and D). Both cell lines
exhibited an exquisite sensitivity to Mito-CP compared with
Mito-Met,,, with nearly 50-fold less Mito-CP required for a
similar reduction in proliferation. HT-29 cells expressing WT
KRAS were sensitive to low micromolar to nanomolar doses of
both Mito-CP and Mito-Met,,. HCT116 cells expressing con-
stitutively active KRAS were somewhat more resistant to mito-
chondria-targeted drug (MTD) treatment with proliferation
decreasing by 80% with 1 um Mito-CP or 50 um Mito-Met,,
(Fig. 1, A and C). Additional oncogenic (SW480 and T84) (sup-
porting Fig. S1, A—D) and WT (Caco2 BBE and HK 2-8) (sup-
porting Fig. S1, E-H) KRAS-expressing cell lines were tested
and validated the results that the MTDs exert their anti-prolif-
erative effects independent of the KRAS allele (supporting Fig.
S1). Furthermore, HCT116 (supporting Fig. S2, A and B) and
HT-29 (supporting Fig. S2C) cells were treated with increasing
doses of the parental compounds (carboxyl proxyl (CP) and
Metformin) with 100- to 1000-fold more drug required to
impart the anti-proliferative effects noted with the TPP* con-
jugated moieties. Lastly, the TPP™ moiety alone had no effect
on cell proliferation as HCT116 cells proliferate normally and
reach confluency within 5 days after treatment with TPP™ (sup-
porting Fig. S2D). Taken together, these data demonstrate that
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Figure 1. Mitochondria-targeted drugs inhibit colon cancer cell proliferation. A-D, HCT116 (A and C) and HT-29 (B and D) colon cancer cell lines were
treated with increasing concentrations of Mito-CP (0-10 um) or Mito-Met,, (0—100 um). Images were acquired in real time every 2 h over a 6-day period using
the IncuCyte S3 and representative phase contrast images are shown. Percent confluency (% confluency) was used as a readout for proliferation. A graphical
representation of the dose response on cell confluence is expressed as a change in percentage of cell confluence. Values are mean * S.E., n = 3; a two-way

repeated measures ANOVA demonstrated p = 0.0001.

tethering known anti-oxidants or anti-diabetic molecules to a
cationic moiety reduces colon cancer proliferation, indepen-
dent of the KRAS protein.

Mito-CP and Mito-Met,, impact on mitochondria

To evaluate whether MTDs disrupted mitochondrial respi-
ration, we first addressed the cellular uptake of the two drugs. A
surrogate “normal” cell line (IEC6; nontransformed rat small
intestine epithelia), along with the two colon cancer cell lines
(HCT116 and HT-29) were treated with 0.5 um Mito-CP or 25
M Mito-Met, , for 24 h, and the cells processed for LC-MS/MS
analysis. The colon cancer cells had a demonstrative increase in
the uptake of both drugs when compared with the nontrans-
formed cells (Fig. 2, A and B). To address the targeting of the
MTDs to the mitochondria, HCT116 cells were treated 24 h
and permeabilized to probe for complex I activity, which was
significantly inhibited (Fig. 2C). Analysis of oxygen consump-
tion over a 4-log range of drug concentrations revealed an
IC,, = 0.5 £ 7.4 um and 23 = 8.7 uM for Mito-CP and Mito-
Met, , respectively (Fig. 2C). This 46-fold difference in complex
I activity correlates well with the anti-proliferative effects
observed in Fig. 1. The diminished mitochondrial function was
also reflected in the reduced levels of total ATP accumulated in
Mito-CP- and Mito-Met, ,—treated cells (Fig. 2D). This dose-
dependent decrease in ATP levels is consistent with Mito-CP
and Mito-Met,, inhibition of complex I. Correlative with its
weaker impact on complex I, Mito-Met,,, had little overall
effect on ATP levels in treated cells, suggesting its anti-prolif-
erative effects reflect distinct signaling pathways relative to
Mito-CP.
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To gain a better understanding of MTD-mediated mito-
chondrial dysfunction, the oxygen consumption rate (OCR), as
a readout of OXPHOS, and the extracellular acidification rate,
as a surrogate marker for glycolysis, were measured in a Sea-
horse Bioscience extracellular flux analyzer. HCT116 cells were
treated with increasing concentrations of drugs and a mito-
chondrial stress test was undertaken. In agreement with their
ability to inhibit complex I, both compounds abrogated OCR in
a dose-dependent manner, with Mito-CP (Fig. 2E) more potent
than Mito-Met,, (Fig. 2F). Further, neither had an effect on
extracellular acidification rate (data not shown), consistent
with their ability to inhibit complex I. The mitochondrial res-
piration profile can be divided into five functional classes: basal
respiration, ATP production, proton leak, maximal respiration,
and spare capacity. These two compounds inhibit mitochon-
drial energy pathways through discrete mechanisms. All five
aspects of mitochondrial function negatively impacted upon
incubation with the two highest concentrations (1 and 10 um)
of Mito-CP, suggesting that Mito-CP treatment reduced the
number of live cells and/or the number of mitochondria,
rendering the cells unable to meet metabolic challenges
(supporting Fig. S3, striped bars). For Mito-Met,, dysregu-
lation of mitochondrial fitness was only noted at the highest
concentration (100 uMm) presenting with a significant
decrease in maximum respiration and the reserve respira-
tory capacity (supporting Fig. S3, filled bars). This decrease
in mitochondrial fitness and negative impact on bioenerget-
ics is likely because of the directed targeting of the com-
pounds to the mitochondria. Taken together our data show
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Figure 2. The TPP*-biocompounds Mito-CP and Mito-Met,, impair mitochondrial bioenergetics. A and B, intracellular uptake of the compounds in
nontransformed rat small intestine epithelial IEC6 cells, along with the two colon cancer cell lines, HCT116 and HT-29, was assessed after 24 h treatment with
0.5 um Mito-CP (A) or 25 um Mito-Met,, (B) using LC-MS/MS. C, complex | inhibition was addressed by treating HCT116 cells with increasing concentrations of
Mito-Met,, (filled oval) or Mito-CP (empty rectangle) for 24 h. The mitochondrial complex | oxygen consumption (last oxygen consumption rate reading before
succinate injection) is plotted against the drug concentrations. D, total cellular ATP levels were analyzed using a luciferase-based assay on HCT116 cells treated
with increasing concentrations of the drugs (Mito-Met,, (filled oval) or Mito-CP (empty rectangle)) for 24 h. E and F, HCT116 mitochondrial respiration impair-
ment after 24 h of treatment (Mito-CP (E) or Mito-Met,, (F)) was measured using the Seahorse XF analyzer. The OCR (pmol/min) was used as a marker for
mitochondrial stress. Panels on the right are enlargements of the time course post-stress test drug additions (dashed boxes in E and F) and demarcate the
sequential injections of oligomycin (Oligo) to measure ATP-linked OCR, FCCP to measure maximal OCR, and rotenone/antimycin A (Rot/AA) to measure
nonmitochondrial respiration. * denotes p < 0.05, ** denotes p =< 0.01, *** denotes p < 0.001, **** denotes p < 0.0001. n.s., not significant. Values are mean *

SE.n=4.

that MTDs influence cellular bioenergetic metabolism and
proliferation.

AMPK signaling pathway is activated in MTD-treated colon
cancer cells

To evaluate the molecular mechanism(s) regulating the
Mito-CP and Mito-Met,, impact on colon cancer metabolism,
we focused our attention on AMPK, a master energy sensor
within the cell. AMPK, a strongly conserved eukaryotic Ser/Thr
kinase, is rapidly activated when the intracellular ratio of AMP
to ATP is elevated. The consequence of AMPK activation is to
up-regulate ATP generating pathways while inhibiting ATP
consuming functions of the cell (30). The heterotrimeric
AMPK complex is composed of the AMPKa, AMPKp, and
AMPK subunits, and upon sensing increasing levels of intra-
cellular AMP, the « subunit within the complex undergoes an
allosteric change resulting in its activation via phosphorylation
of the catalytic y subunit at residue Thr-172 (31). Consistent
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with decreasing ATP levels, MTD treatment stimulated AMPK
Thr-172 phosphorylation in a dose-dependent manner (Fig.
3A). As expected, Mito-CP and Mito-Met,, treatment acti-
vated AMPK at the same doses shown to inhibit proliferation
and ATP levels.

mTORCT1 and downstream targets are dysregulated

We next sought to determine whether AMPK up-regulation
impacted the mTOR complex 1 (mTORC1), an essential intra-
cellular master regulator of cell proliferation, that employs a
network of molecular connections to regulate protein synthe-
sis, cell proliferation, and autophagy (32). Additional molecular
activators that sense survival cues and growth factor levels
include the mTOR complex 2 (mTORC2) and the Ser/Thr pro-
tein kinase AKT. To assess if mMTORC2/AKT had any role in the
observed effects, HCT116 cell lysates were probed with an anti-
AKT antibody. The levels of phospho-AKT (Ser-473), a modi-
fication that stimulates full AKT activity (33), were unchanged

SASBMB
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Figure 3. Activation of the AMPK signaling cascade concomitant with mTORC1 suppression is activated and induced mitophagy via ULK1. A, HCT116
cells were starved for glucose, glutamine, and serum for 6 h prior to a 30 min stimulation with increasing concentrations of Mito-Met,, or Mito-CP, or treated
with DMSO (V, vehicle). Protein lysates (10 pg/lane) were resolved by SDS-PAGE and probed with antiserum directed toward phospho-Thr-172-AMPK
(PAMPK), total AMPK, or GAPDH. Immunoblots were quantitated and represented graphically. B and C, HCT116 cells were treated with DMSO (V, vehicle) or
increasing concentrations of Mito-Met, , or Mito-CP for 24 h. Proteins resolved by SDS-PAGE and transferred to PVDF were probed for phospho-Ser-792-Raptor
(pRaptor), total Raptor, or GAPDH (B) or phospho-Thr-389-p70S6K, total p70S6K, or B-tubulin (C). * denotes p = 0.05, ** denotes p = 0.01, *** denotes p =

0.001, **** denotes p = 0.0001. Values are means = S.E.n = 3.

upon incubation with Mito-Met,, or Mito-CP (supporting Fig.
S4), suggesting minimal to no involvement of AKT.

mTORCI is a five-protein complex that can be distinguished
from mTORC?2 by the inclusion of Raptor, the regulatory-asso-
ciated protein of mTOR. Raptor is a presumable nonenzymatic
scaffold protein that dictates mTORCI substrate specificity,
localization, and complex assembly and is essential for the
kinase activity of mTORCI1 in response to energy level and
mitochondrial uncoupling (34). When Raptor is complexed
within mTORCI, it can be recognized and directly phosphory-
lated on Ser-722 and Ser-792 by AMPK (35). Phosphorylation
of Raptor by AMPK redistributes its association to 14-3-3, an
event correlative with the suppression of mTORCI activity
(35). HCT116 lysates probed with an anti—phospho-Ser-792
Raptor antibody demonstrated a significant increase in phos-
pho-protein levels following with elevated MTD concentra-
tions (Fig. 3B). In correlation with Gwinn et al., our data suggest
that upon AMPK-mediated Raptor phosphorylation, n”TORC1
is inactivated, likely reflecting energy stress imparted by MTD
treatment (35).

mTORCI1-mediated effects on protein synthesis and cell pro-
liferation are facilitated through p70S6K, a major effector of cell
proliferation and cell cycle progression (36, 37). MTD-treated
HCT116 lysates were probed with a phospho-specific antibody
that recognizes phospho-Thr-389 —p70S6K, a direct substrate
of mMTORCI1 (38). Indeed, Thr-389 —p70S6K levels decreased in
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a dose-dependent manner (Fig. 3C). These data agree with prior
reports that the presence of Raptor in mTORCI is essential for
phosphorylation of p70S6K at Thr-389 (39) and that phosphor-
ylation of Thr-389 most closely correlates with p70 kinase
activity in vivo (40). These observations raised the possibility
that the observed anti-proliferative effects were because of
induction of apoptosis. To test this idea, cell lysates from
treated HCT116s were probed for pro—caspase 3 levels.
Caspase 3, an executioner caspase, represents a terminal event
in the intrinsic caspase 9 —mediated apoptotic pathway. How-
ever, we found no change in pro-caspase 3 levels upon MTD
stimulation (supporting Fig. S5, A and B), whereas gliotoxin, a
potent inducer of apoptosis, shifted the levels of pro— caspase 3
(supporting Fig. S5, C and D). These data suggest that apoptosis
is not a means by which Mito-CP and Mito-Met,, exert their
anti-proliferative activity.

Activation of ULK1, an initiator of mitophagy

p70S6K is a moderator of protein synthesis which, and along
with the autophagy-initiating kinase ULK1, has been used as a
readout of autophagy induction (41). The autophagy cascade is
known to be sensitive to the energy status of the cell (42). The
energy sensor AMPK can activate ULK1 kinase by a coordi-
nated cascade of events. In particular, AMPK has been indi-
cated as a main upstream regulator of mTORCI-mediated
autophagy suppression (43). Thus, if mTORCI is in an active
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Figure 4. MTD treatment shifts the phosphorylation status of ULK1 to promote mitophagy. A, HCT116 cells were treated with DMSO (V, vehicle) or
increasing concentrations of Mito-Met,, or Mito-CP for 24 h. Protein lysates (10 ng/lane) were resolved by SDS-PAGE and probed with antiserum directed
toward phospho-Ser-757-ULK1, total ULK1, or B-tubulin (A) or phospho-Ser-317-ULK1, total ULK1, or B-tubulin (B). Inmunoblots were quantitated and
represented graphically below each set of blots. ** denotes p =< 0.01. Values are mean = S.E.n = 3.Immunoblot analyses of AKT analyzed concurrently with ULK

are shown in supporting Fig. S4.

configuration, protein synthesis and cell proliferation are per-
mitted, whereas autophagy is abrogated (44). Toward this end,
mTORCI1 directly phosphorylates ULK1 at Ser-757, thereby
halting autophagy (44). However, activated AMPK can directly
bind to and phosphorylate ULK1 at Ser-317, modifying ULK1
in such a manner by which the protein is constrained from
contacting mTORC], resulting in increased autophagy (44). To
examine the phospho-ULK1 profile within treated HCT116
cells, total cell lysates were examined (Fig. 4, A and B). Compar-
ing levels of p-Ser-757-ULK1 (Fig. 4A) to p-Ser-317-ULK1
(Fig. 4B) revealed a decrease in the autophagy inactivating form
with a concomitant increase in the autophagy activating form of
ULK1. The mechanism of action is independent of the KRAS
allele in that stimulation of WT KRAS HT-29 cells demon-
strated a similar decline in p-Ser-757-ULK1 levels (supporting
Fig. S6, A and B). Collectively, these data begin to describe a
molecular mechanism in which the low energy conditions
evoked by MTDs trigger an AMPK-ULK]1 signaling cascade
that abrogates continued cancer cell proliferation, possibly
through inducing mitophagy.

Mitochondrial structure and membrane potential (Ais,,) are
compromised in MTD-treated cells

To more thoroughly establish mitophagy as a mechanism for
the anti-proliferative effects, we used transmission EM (TEM)
to investigate the morphology of treated cells. HCT116 cells
were harvested and processed for TEM 6 h post MTD addition.
As presented in Fig. 5, we found a pronounced increase in vac-
uolization (E and H, arrowheads), ruptured mitochondria (F
and [, black asterisk(s)), and even the appearance of double
membranes associated with mitophagy (F and I, arrows) and
autophagy (C, F, and I, white circles) following MTD treatment.
Fig. 5C illustrates an autophagic vesicle observed in control
cells; the pronounced structural changes seen in MTD-treated
cells were largely absent in cancer cells treated with vehicle
alone.

The TEM data strongly suggest that Mito-CP— or Mito-
Met,, treatment damaged the mitochondria. To functionally
quantitate the damage to the mitochondria, treated cells were
stained with the membrane permeable, positively charged,
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TMRE (tetramethylrhodamine ethyl ester) red-orange dye.
TMRE accumulates within mitochondria inversely propor-
tional to the Ay, with accumulation in metabolically active
mitochondria, whereas depolarized, injured, or degraded mito-
chondria fail to sequester TMRE (45). As shown in Fig. 6,
Mito-CP and Mito-Met,, potently and dose dependently dis-
rupted mitochondrial membrane potential measured using
flow cytometry or immunofluorescence. Mito-CP, at the 1 um
dose that blocked proliferation, reduced membrane potential
greater than 75% in HCT116 (Fig. 6A) and HT-29 (Fig. 6C). As
predicted, HCT116 (Fig. 6D) or HT-29 (Fig. 6F) cells treated
with titrated doses of Mito-Met, , required higher levels to dis-
rupt the mitochondrial membrane potential. Representative
confocal microscopy images of Mito-CP (Fig. 6B) or Mito-
Met,, (Fig. 6E) TMRE-labeled cells affirmed the loss of mito-
chondrial membrane potential. Together with the reduction in
p-ULK and the structural mitochondrial abnormalities noted in
MTD-treated cells, these data support the idea that Mito-CP,
and to a lesser extent Mito-Met,,, stimulate mitophagy, con-
tributing to the proliferation inhibitory effects of these com-
pounds in WT and oncogenic KRAS colon cancer cells.

Mito-CP and Mito-Met,, stimulate AMPK signaling to halt
cancer cell proliferation

Pharmacological disruptions were used to explore the con-
tributions of the AMPK signaling pathway in the MTD-medi-
ated disruption of colon cancer cell proliferation. Compound C
is a cell-permeable inhibitor of AMPK. Pretreatment of
HCT116 cells prior to MTD treatment minimized the anti-
proliferative effects of the MTDs (Fig. 7, A and B). Compound C
pretreatment did not fully restore HCT116’s proliferative
capacity, suggesting the involvement of additional pathways.
These data are the first to ascribe a role for cancer-selective
mitochondria-targeted cations in the activation of AMPK-me-
diated signaling as an exquisite mechanism to arrest prolifera-
tion of KRAS WT and oncogenic cancer cells (Fig. 8).

Discussion

Although increased screening for colorectal cancer has
decreased the overall rate of incidence, current standard-of-
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Figure 5. Ultrastructural changes in mitochondria following MTD treatment. A-/, HCT116 cells were treated with Mito-CP (1 um) or Mito-Met,, (50 um) for
6 h prior to harvesting and processing by transmission EM. Representative images from vehicle (V)-treated (A-C), Mito-CP-treated (D-F), and Mito-Met, ,-
treated cells (G-/) demonstrate the resulting changes in intracellular morphology upon MTD treatment. N represents the nucleus, white asterisk represents
mitochondria with normal morphology, black asterisk represent mitochondria with abnormal morphology, white circles encircle autophagic vesicles, arrow-
heads visualize enlarged vacuoles, arrows represent mitophagy vesicles. The black box in D is enlarged in E, and the black box in Eis enlarged in F. The black box
in Gis enlarged in H, and the black box in His enlarged in I. Scale bar in A, D, E, G, and H represents 2 um and in B, C, F, and [ is 500 nm.

care chemotherapies are restricted to tumors that express WT
KRAS protein. With nearly half of all diagnosed colorectal can-
cers possessing oncogenic KRAS, there presents a significant
need for new frontline biologic therapies with increased effi-
cacy, reduced toxicity, and directed tumor specificity. In partic-
ular chemotherapies that target KRAS mutations or the func-
tional consequences of that oncogenic mutation that account
for lethal chemo-resistant forms of colon cancer are needed.
The role of mitochondrial dynamics in cancer progression is
increasingly appreciated for its multifaceted roles enhancing
tumor cell proliferation, migration, and microenvironmental
remodeling (46 —48). We demonstrate here that disruption of
complex I and mitochondrial bioenergetics potently arrested
the proliferation capacity of colon cancer epithelial cells.
HCT116 cells express oncogenic KRAS overactive mutations
and are an aggressive cancer cell line that forms undifferenti-
ated tumors, whereas the HT-29 cell line retains WT KRAS
protein and presents with an intermediate differentiation pro-
file (49). Although all colon cancer cell lines tested, irrespective
of their KRAS allele, were sensitive to complex I-directed
interventions, the anti-proliferative effect of our mitochondria-
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targeted compounds was selective for transformed cancers and
had limited effects on normal epithelial cells (data not shown).
As shown herein, independent of their KRAS genotype, colon
cancer cells phenotypically respond to mitochondrial targeted
drugs via AMPK activation/mTORCI1 suppression signaling
pathway. Our results demonstrate that the anti-neoplastic
effects are two-pronged, with detrimental impacts on bioener-
getics that restrict the ability of the tumor cell to cope with
energetic stress, resulting in a cascade of interconnected AMPK
signaling pathways that culminates in anti-tumor mitophagy.
Although KRAS mutations occur in several different types of
cancer, they appear with increasing frequency in colorectal can-
cer, pancreatic cancer, and non-small cell lung cancer. One of
the established outcomes of oncogenic KRAS is the reprogram-
ming of cell metabolism (50). In nontransformed cells, WT
KRAS is rapidly inactivated by guanine-exchange factor pro-
teins into its GDP-bound form, whereas in cancer cells, KRAS
remains predominantly GTP-bound, thereby functioning as a
constitutively active protein. Metabolically, KRAS mutations
decrease mitochondrial OXPHOS while increasing glycolysis.
Oncogenic KRAS promotes glucose uptake through enhanced
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14898 J. Biol. Chem. (2018) 293(38) 1489114904 SASBMB



Mitochondria-targeted drugs impede colon cancer proliferation

Mito-Met,

Mito-CP \

IATP1AMP H,0 O,

FAD FADH,

Autophagy OFF Autophagy ON

Figure 8. Schematic model a mitophagy mechanism of action of mito-
chondria-targeted drugs on colorectal cancer cells. Results from the anal-
ysis of two representative mitochondria-targeted drugs, Mito-CP and Mito-
Met,,, indicate selective uptake and localization within the mitochondria
inhibits complex | activity, activating an AMPK-dependent signaling cascade
which suppresses mTORC1, resulting in activation of the mitophagy regulator
ULK1 and concomitant decreasing cell proliferation.

expression of GLUT1 that accelerates glycolytic activity (51).
The KRAS oncogene also channels glucose in the pentose phos-
phate pathway. Signaling by GTP-bound KRAS results in the
perpetual signaling of PI3K/AKT/mTOR, which functions to
exacerbate cancer cell proliferation. Mito-CP and Mito-Met,,
were effective in abrogating colon cancer energy production.
The effect was largely restricted to mitochondrial, relative to
aerobic, glycolytic metabolism. Following the mTORC2-medi-
ated modification of phospho-Ser-473 AKT as a surrogate
readout for mTORC?2 involvement, we found little effect of
Mito-CP or Mito-Met,, on AKT signaling, suggesting that
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although mTORC?2 has been proposed to be in the center of
cancer cell metabolic reprogramming (52), these MTD had lim-
ited impact on mTORC?2 signaling. However, both compounds,
with Mito-CP more effective than Mito-Met, , resulted in Rap-
tor phosphorylation, correlative with repression of mTORC1
activity in accordance with previous studies (35). Further,
decreased phosphorylation of the protein synthesis regulator
p70S6K was consistent with the decrease in observed prolifer-
ation in treated colon cancer cells. The discrepancy in Raptor
phosphorylation between Mito-CP and Mito-Met,, likely
reflects that each compound activates divergent, and still as yet
unknown, signaling mechanisms. This may also be reflected in
the MTD’s differing abilities to inhibit complex I activity.
Lipophilic cations known to inhibit tumor cell proliferation,
including the conjugation of the lipophilic cationic TPP™ moi-
ety to an antioxidant molecule and Metformin, are thought to
act through selective accumulation into mitochondria and inhi-
bition of mitochondrial respiration (8, 20, 53). The mitochon-
drial membrane potential of tumor cells is greater than non-
transformed normal epithelial cells (54) and likely accounts for
the observed cell selectivity. We and others have previously
shown that Mito-CP has anti-proliferative effects in lung can-
cer, breast cancer, hepatic cell carcinoma, medullary thyroid
cancer, mesothelioma, and pancreatic cancer (5, 7, 8, 55, 56).
Further, a redox-inactive analog of Mito-CP, Mito-CP-Ac, sim-
ilarly inhibited tumor cell proliferation via a mechanism inde-
pendent of superoxide dismutation in mitochondria (7). The
molecular and signaling mechanism(s) responsible for the
enhanced anti-proliferative effects of mitochondria-targeted
lipophilic compounds such as Mito-CP or Mito-Met,,, has
shown that these compounds trigger the major energy sensor
kinase AMPK pathway. We have previously shown that pancre-
atic cancer cells respond to Mito-CP, administered in conjunc-
tion with the glycolytic inhibitor 2-DG, by transiently increas-
ing active AMPK levels. Moreover, increased AMPK signaling
led to a decrease in FOXM1 (Forkhead box protein M1) protein
levels (7). That Mito-CP abrogated FOXM!1 levels is wholly con-
sistent with this cell cycle regulator participating in decreased
cell proliferation in response to mitochondria-targeted drug
treatment. Similarly, we observed that Mito-Met, , treatment of
pancreatic cancer cells led to proliferation arrest via a complex
I-mediated stimulation of AMPK activation and block in cell
cycle progression (6). This decrease in cell proliferation was
accompanied by a comparable decrease in FOXM1 transcrip-
tion factor levels. Together, these data suggest that AMPK
dampening of the cell cycle regulator FOXM1 is a key mecha-
nism for the decreased cell proliferation. However, the block-
ade in cell cycle progression was not complete, suggesting addi-
tional mechanisms were participating in the anti-cancer cell
proliferation effects of these mitochondria-targeted agents.
AMPK is one of two key signaling complexes, the other being
the central cell-proliferation regulator mTORC1, that are
tightly executed to regulate autophagy. Ultimately, these signal-
ing pathways converge on regulating the phosphorylation sta-
tus of ULK1, the central autophagy-initiating kinase. In normal,
nontransformed cells, nutrient signals are often the major
autophagy trigger. When nutrients are abundant, mTORCI is
intact and catalytically available to down-regulate autophagy
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via the phosphorylation of ULK1 at Ser-757, disrupting the
ULK1/AMPK interaction (44). Under glucose starvation, acti-
vated AMPK directly phosphorylates Raptor at Ser-792. This
posttranslational modification redirects Raptor by generating a
binding site for the 14-3-3 complex, thus putative suppression
of mTORCI activity (35). Restructuring of mTORC1 by active
AMPK leaves the ULK1 protein available for the autophagy-
activating phosphorylation at Ser-317 by AMPK (44). In this
report, we demonstrate that during normal nutrient condi-
tions, perturbations in colon cancer metabolic bioenergetics
activated an AMPK-mediated signaling cascade impeding cell
proliferation. Blocking AMPK with the inhibitor compound C
reversed the inhibition of cell proliferation induced by either
Mito-CP or Mito-Met,,. To uncover the mechanisms for the
observed anti-proliferative effects in colon cancer we used an
iterative approach to reveal that Mito-CP and Mito-Met,,
directly activated ULKI1 to stimulate an anti-tumor mitophagy
program. Interestingly, we found that Mito-CP was a stronger
activator of AMPK, Raptor, and ULK1 relative to Mito-Met-
formin. In contrast to these data from transformed pancreatic
cancer cells, Mito-CP promoted cell survival through the acti-
vation of AMPK and autophagy (57) in normal nontransformed
mouse embryonic fibroblasts, suggesting a role for autophagy in
maintenance of healthy cells. This discrepancy suggests that
these molecules have discrete binding partners or activate still
as yet unknown signaling pathways to halt tumor progression.

Although the role of autophagy is dynamic and dependent on
the cellular context, it should be noted that varying types of
cancer will respond differently to the effects of the TPP™ con-
jugated compounds because of the fluctuation in the regulation
and number of mitochondria (58). The role for autophagy in
cancer progression or suppression, particularly in KRAS-depen-
dent cancers, remains unclear, with reports ascribing anti-
tumor or pro-tumor survival. Autophagy is an evolutionarily
conserved catabolic process characterized by cellular auto-di-
gestion in the recycling of the cellular building blocks and the
removal of dysfunctional or damaged organelles (59, 60). This
recycling of resources ensures continued homeostatic balance
and conserves energy in times of stress. Mitophagy, the seques-
tration and degradation of damaged mitochondria via
autophagy (61), fulfills a vital function in normal nontrans-
formed cells through the reduction in levels of reactive oxygen
species (ROS) maintaining genomic stability thus limiting car-
cinogenesis (62). In this capacity, autophagy is believed to be
largely tumor-suppressive. However, current dogma posits
dual, conflicting roles for autophagy in cancer progression, with
reports supporting anti-tumor as well as pro-tumor effects (63).
This dichotomy is contextually and temporally dependent. In
advanced stages of cancer, activation of the autophagic pro-
gram facilitates proliferation under metabolic strain (ischemic
or hypoxic conditions) (64, 65). In a prior report, a ubiquinone
conjugated to TPP ™" induced an autophagic-mediated prolifer-
ation arrest of metastatic breast cancer cells (66). With this
report, we have determined that Mito-CP and Mito-Met,,,
potently halt colorectal cancer cell proliferation through the
activation of an AMPK-repressive mTORC1-mitophagy signal-
ing module. Although basal levels of autophagy in the colon
cancer cells remained low in nutrient-rich normoxic condi-
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tions, we were able to induce a mitophagy/autophagy response
with Mito-CP and Mito-Met,,. However, following disruption
of mitochondrial function, MTDs induced autophagy with a
concomitant arrest in cell proliferation. Overall, our results are
in concordance with other studies in which autophagy displays
anti-oncogenic properties by suppressing transformed colon
cancer cell proliferation (67-69). Our data reveal that selective
disruption of the function of cancer cell mitochondria may be
an effective and transitional therapeutic. The penetrance of the
undruggable oncogenic KRAS allele is a serious and growing
clinical issue with the imminent need for therapeutic agents
whose mechanisms of action are not biased by the KRAS sig-
naling pathway. The work here provides a framework upon
which continued generation and characterization of mito-
chondria-targeted compounds will aid in the quest for better
and safer chemotherapeutics. The potential activation of
an anti-tumor mitophagy by Mito-CP and Mito-Met, or even
Metformin, suggests new avenues for chemotherapeutic
intervention.

Experimental procedures
Cell culture

HCT116 (CCL-247), T84 (CCL-248), HT-29 (HTB-38), and
C2BBel (Caco2; CRL-2102) human colorectal carcinoma cells
were purchased from ATCC (Manassas, VA) and maintained as
described previously (70). SW480 and HK2-8 carcinoma cells
(a generous gift from Dr. Guan Chen, Medical College of Wis-
consin) were maintained as described (71). HCT116, T84, and
SW480 cells express an overactive mutant KRAS protein, and
HT-29, Caco2, and HK2-8 cells express WT KRAS. Normal
nontransformed IEC-6 cells, isolated from rat small intestine
tissue fragments and that retain a normal karyotype, were
obtained from the ATCC (CRL-1592) and cultured as described
previously (72, 73).

Reagents

Mito-CP and Mito-Met, , were synthesized as described pre-
viously (6, 19). 3-Carboxy-PROXYL, Metformin, and com-
pound C were from purchased from Sigma-Aldrich. Carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) was
obtained from Agilent Technologies (Santa Clara, CA).
Tetramethylrhodamine ethyl ester (TMRE) was purchased
from Thermo Fisher Scientific. Gliotoxin was purchased from
Merck KGaA (Darmstadt, Germany).

Cell proliferation

Cells (2 X 10%) were plated into a 96-well plate and allowed to
settle overnight. Cells were left untreated, or incubated in the
presence of compound C (0.3 um) for 48 h, after which time,
increasing concentrations of Mito-Met,, and Mito-CP were
added. Cells were placed into either an IncuCyte ZOOM or
IncuCyte S3 Live-Cell Imaging System (Essen Bioscience, Ann
Arbor, MI). Live cell images were acquired via the IncuCyte
Analyzer at 2- to 3-h intervals over 5-7 days to provide real-
time cellular confluence data based on segmentation of high-
definition phase-contrast images. The IncuCyte S3 analysis
software package allows for the post-acquisition assessment of
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phase object confluence (%) for all/any select images acquired
during the time course of the dose experiments. The cell pro-
liferation is expressed as an increase in percentage of conflu-
ence (6, 74).

Changes in mitochondrial bioenergetics and complex |
inhibition

HCT116 cells (2 X 10*) were plated into Seahorse XF96 well
plates (Agilent Technologies, Santa Clara, CA), allowed to
adhere for 4 h, and treated with a Mito-Met,, or Mito-CP dose
curve. Measurement of the mitochondrial respiratory complex
I in permeabilized cells was performed according to the man-
ufacturer’s directions and as described previously (74-76).
Briefly, after a 24-h incubation with drugs, intact cells were
permeabilized with 1 nm plasma membrane permeabilizer
(Agilent Technologies) immediately before the OCR measure-
ment was taken on a Seahorse Bioscience XF96 Extracellular
Flux Analyzer. OCR was measured as a readout of mitochon-
drial function and was assessed by injecting oligomycin (1
pg/ml) to inhibit ATP synthase, FCCP (50 um) to uncouple the
mitochondria, and rotenone (1 uMm) and antimycin A (10 um) as
inhibitors of complex I and complex III, respectively. The oxy-
gen consumption derived from mitochondrial complex I or
complex II activity was measured before and after addition of
different substrates to mitochondria, e.g. pyruvate/malate for
complex I and succinate for complex IT activity. Rotenone, mal-
onate, and antimycin A were used as specific inhibitors of mito-
chondrial complex I, II, and III activities, respectively.

Total ATP measurements

HCT116 cells (2 X 10%) were plated into a 96-well plate and
treated with increasing concentrations of Mito-CP or Mito-
Met, , for 24 h. Intracellular ATP levels were determined in cell
lysates using a luciferase-based assay per manufacturer’s direc-
tions (Sigma Aldrich) as described previously (6).

Quantification of intracellular accumulation of MTDs by
LC-MS/MS

Cells (1 X 10°) were incubated with Mito-CP or Mito-Met,,,
for 24 h. Extraction of Mito-CP or Mito-Met,, was described
previously, but without butylated hydroxytoluene (6). LC-MS/
MS analyses were performed using a Kinetex Phenyl-Hexyl col-
umn (50 mm X 2.1 mm, 1.7 um, Phenomenex) equilibrated
with water:acetonitrile mixture (4:1) containing 0.1% formic
acid. Compounds were eluted by increasing the content of ace-
tonitrile from 20 to 100% over 4 min and detected using the
MRM mode.

Protein harvesting and immunoblot analysis

Cells (1.25 X 10°) were treated for 18 h with Mito-Met,, or
Mito-CP and lysed in a modified RIPA buffer (50 mm Tris-HCI,
pH 7.4, 150 mm NacCl, 0.25% v/v sodium deoxycholate, 1% v/v
Nonidet P-40, 0.1% v/v SDS, 1 mm EDTA, 10 mMm sodium
orthovanadate, 40 mm f3-glycerol phosphate, 20 mm sodium
fluoride). Lysates were quantified, normalized for protein con-
centration, and 10 ug protein per lane size separated using
reducing SDS-PAGE. Proteins were electrotransferred to
PVDF membranes (Millipore) and probed using primary and
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horseradish peroxidase— conjugated secondary antibodies. Pri-
mary antibodies purchased from Cell Signaling Technology
(Danvers, MA) include phospho-Thr-172 AMPK (40H9), total
AMPK (D5A2), phospho-Ser-792 Raptor (2083), total Raptor
(24C12), phospho-AKT (Ser-473), total AKT, phospho-Thr-
389 p70S6K (108D2), total p70S6K, phospho-Ser-757 ULK1
(D706U), phospho-Ser-317 ULK], total ULK1 (D8HS5), caspase
3, and GAPDH were used at the manufacturer’s recommended
dilutions. Beta-tubulin (E7) anti-sera was obtained from Devel-
opmental Studies Hybridoma Bank (University of Iowa). Pro-
teins were visualized by chemiluminescence and quantified by
densitometric analysis using the FluorChem HD2 from Cell
Biosciences (Santa Clara, CA). For AMPK, cells were starved of
glucose, glutamine, and serum for 6 h prior to a 30-min stimu-
lation with titrated doses of Mito-Met,, or Mito-CP.

TMRE staining to assess mitochondrial integrity

Flow cytometry analysis—Cells (5 X 10°) were treated with
FCCP (20 um) for 15 min or increasing concentrations of Mito-
Met,, or Mito-CP for 24 h. TMRE (200 nm) was added for 30
min prior to harvesting for analysis on a BD-LSRII flow cytom-
eter (BD Biosciences); data were analyzed using Flow]Jo (Flow]Jo,
LLC, Ashland, OR).

Live cell confocal imaging—Cells (1 X 10°) were plated on 35
mm No. 1.5 cover glass (0.16 —0.19 mm) dishes and treated with
FCCP (20 um) for 15 min or increasing concentrations of Mito-
Met,, or Mito-CP for 24 h. TMRE (100 nm) was added for 30
min, washed, and quenched by incubation of HEPES containing
media prior to visualization. Live-cell images were acquired
with a Spinning Disc Confocal system configured with an IX83
inverted microscope (Olympus America, Center Valley, PA)
equipped with an electron-multiplying charge-coupled device
camera (Hamamatsu Corporation, Bridgewater, NJ) and a sili-
cone oil immersion 60X/1.6 numerical aperture (Olympus)
objective lens driven by MetaMorph software.

Transmission electron microscopy

1 X 10° HCT116 cells were treated with vehicle (DMSO),
Mito-Met,, (50 um), or Mito-CP (1 um) for 6 h. Cells were
washed, fixed in situ with 4% paraformaldehyde + 2% glutaral-
dehyde in 0.1 M sodium cacodylate buffer for 10 min at room
temp. Cells were gently scraped from the culture dishes, pel-
leted, washed with 3 X 10 min rinses in 0.1 M cacodylate buffer
and postfixed in potassium ferricyanide reduced 1% osmium
tetroxide for 2 h on ice. Cell pellets were processed into epoxy
resin (EMBed 812). 60 nm sections were stained with uranyl
acetate and lead citrate and imaged on a Hitachi H600 TEM.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 7.0 (LaJolla, CA). Paired analyses were calculated using a
Student’s ¢ test and a Dunnett post hoc analysis to identify pair-
wise differences between experimental and control groups.
Multiple comparisons between groups were analyzed using a
one-way or two-way repeated measures analysis of variance
(ANOVA). Values provided represent mean * S.E. Statistical
significance was defined as p = 0.05 and denoted with the
appropriate asterisks in the figure legends.
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