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Resistance to the platinum-based chemotherapy drug, cisplatin, is
significant setback in ovarian cancer. We engineered fatty acid-like
Pt(IV) prodrugs that harness the fatty acid transporter CD36 to
facilitate their entry to ovarian cancer cells. We show that these
novel constructs effectively kill cisplatin-resistant ovarian cancer
cells.

CD36 is emerging as a new therapeutic target in cancer
therapy.> 2 CD36 is a member of the class B scavenger receptor
family of cell surface proteins that facilitates the uptake of free
fatty acids for lipid metabolism.3 CD36 promotes tumour
growth by fueling cancer metastasis, supporting drug
resistance, and modulating tumor immunity.> 4 Recent studies
indicate that CD36 is upregulated in ovarian tumors.> ©
Interaction with adipocytes in the tumor microenvironment
causes upregulation of CD36 which enhances ovarian tumor
metastasis.2 CD36-based therapy, including monoclonal
antibodies and polypeptides, has been proven effective at
inhibiting cancer metastasis.! However, with respect to drug
resistance in ovarian cancer, the role of CD36 is unclear and
there are no reports about harnessing CD36 to shuttle
therapeutics to target drug resistant ovarian cancer cells.

Accumulating evidence suggest that mitochondria play a
critical role in drug resistance in ovarian cancer cells.”® A recent
study indicates that drug resistant ovarian cancer cells have
increased mitochondrial oxidative phosphorylation.1®
Mitochondrial-targeted agents, such as salinomycin and
niclosamide, have shown activity toward overcoming drug
resistance by impairing oxidative phosphorylation.11-13
However, systematic toxicity limits the use of these agents in
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clinics, since they can also damage mitochondria of non-
cancerous cells.’* 15 Designing metallodrugs to target
mitochondria enhances their efficacy against drug resistant
cancer cells via attacking mitochondrial DNA and damaging
oxidative phosphorylation, and this tactic bypasses the drug
resistance mechanism caused by nuclear DNA damage repair.®
9. 1628 A need still exists to generate mitochondria-damaging
metallodrugs with high specificity against ovarian cancer cells.
Here, we present the first demonstration that harnessing
CD36 could empower mitochondria-damaging fatty acid-like
Pt(IV) prodrugs (FALPs) for treatment of cisplatin resistant
ovarian cancer (Fig 1). We have engineered Pt(lV) prodrugs (Fig
2 and 3) that mimic the fatty acid structure and utilize them as
a “Trojan horse” to exploit upregulated CD36 receptors to
facilitate their cell entry (Fig 2). Notably, we found that CD36 is
upregulated in A2780cis cisplatin-resistant ovarian cancer cells
(Fig 2). Unlike fatty acids that fuel lipid metabolism, these Pt(IV)
prodrugs are able to trigger mitochondrial damage (Fig 3). Thus,
FALPs can readily eliminate drug resistant ovarian cancer cells.
First, we evaluated CD36-dependent cell entry and
cytotoxicity profiles of FALPs by using a cisplatin-sensitive
ovarian cancer cell line (A2780) and its cisplatin-resistant line
(A2780cis) along with a non-cancerous cell line (HEK293). The
evidence from gPCR analysis (Fig 2B), flow cytometric studies
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Figure 1. Graphical representation of FALPs harnessing CD36-
dependent cell entry and mitochondrial damage toward overcoming
drug resistance in ovarian cancer.
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(Fig S6), and immunostaining (Fig S7) revealed that CD36 was
overexpressed in A2780cis cells, but not in A2780 or HEK293
cells. FALP1 was synthesized according to the reported
procedure.?® Consistent with CD36 expression levels, the
graphite furnace atomic absorption spectroscopy (GFAAS)
results (Fig 2C) revealed that FALP1 preferentially accumulated
in (1.95+0.19 nmol Pt/pg proteins) A2780cis cells compared to
those in A2780 (0.83+0.39 nmol Pt/ug proteins) and HEK293
(0.1940.03 nmol Pt/ug proteins) cells. Importantly, cisplatin did
not show any favorable uptake across these cell lines (Fig S8).
The cellular uptake studies using SSO (a CD36 inhibitor shown
in Fig 2A) further supports the CD36-dependent cell entry of
FALP1 in A2780cis cells. As shown in Fig 2D, cellular uptake of
FALP1 in A2780cis is significantly impeded upon the treatment
of SSO (1.47+0.02 nmol Pt/108 cells in (SSO -) and 0.63+0.03
nmol Pt/10° cells in (SSO +)), and in the control experiments,
cellular uptake of cisplatin was not affected by SSO. Notably,
upon inhibition by SSO (Fig 2D), uptake of FALP1 still excels that
of cisplatin, and that is attributed to its high lipophilicity. Next,
we evaluated the cytotoxicity profiles of FALP1 and cisplatin
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across these three cell lines (Fig 2E). These cells were treated
with cisplatin or FALP1 for 24 h. As shown in Fig 2E, in the
A2780cis platinum-resistant ovarian cancer cell line, the ICsg
value of FALP1 (3.994+0.91 uM) is 12 times lower than that of
cisplatin (48.2+1.84 uM). Interestingly, as for A2780 platinum-
sensitive ovarian cancer cells, the IC5o value of FALP1 (4.39+1.44
UM) is just slightly lower than that of cisplatin (8.80+0.45 uM).
Thus, the RF(cisplatin) and RF(FALP1) is 5.4 and 0.9,
respectively. Notably, FALP1 exhibits lower toxicity (ICso =
50.31+0.53 pM) against non-cancerous HEK293 cells comparing
to cisplatin (ICso = 36.03+£1.44 uM). In sum, these results support
that FALPs harness CD36 to facilitate their cell entry toward
killing A2780cis cisplatin-resistant CD36-overexpressing ovarian
cancer cells.

To further validate CD36-dependent cell entry and
cytotoxicity profiles of FALPs, we modulated CD36 expression
levels in SKOV3 ovarian cancer cells. It has been shown that
interaction with adipocytes can increase CD36 expression in
ovarian tumors.3 Thus, we used the conditioned medium of 3T3-
L1 derived adipocytes to increase expression of CD36 in SKOV3
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Figure 2. CD36-dependent cellular entry and cytotoxicity profiles of the fatty acid-like Pt(IV) prodrug: A. Structures of fatty acid-like Pt(IV)
prodrug-1 (FALP1), the CD36 inhibitor (S50), and the fatty acid-like fluorophore (BODIPY FL-C16); B. qPCR analysis mRNA levels of CD36 in
A2780 (cisplatin-sensitive) and A2780cis (cisplatin-resistant) ovarian cancer cells and HEK293 non-cancerous human kidney cells; C. GFAAS
measurement of cellular uptake of FALP1 against A2780, A2780cis, and HEK293 cells (10 uM, 4 h); D. Cellular uptake of cisplatin and FALP1
([Pt] = 10 uM, 4 h) against the A2780cis cells with (SSO +) and without (SSO -) the pre-treatment of SSO (200 uM, 0.5 h). E. The table of ICs
values determined by MTT assays for cisplatin and FALP1 against A2780, A2780cis, and HEK293 cells with 24-h incubation; F. Flow cytometric
analysis of uptake of BODIPY FL-C16 in SKOV3 cells treated with or without the conditioned medium (CM +) or (CM -) of the adipocytes
differentiated from 3T3-L1 (72 h); G. GFAAS measurements of cellular uptake of cisplatin (Cis) and FALP1 against SKOV3 with and without
the pre-treatment of the conditioned medium (CM +) or (CM -) of the 3T3-L1-derived adipocytes; H. The table of ICs, values determined by
MTT assays for cisplatin and FALP1 against SKOV3 ovarian cancer cells treated with or without the conditioned medium (CM +) or ( CM -) of
the adipocytes differentiated from 3T3-L1 (72 h). ¥*P<0.05. ***P<0.0005.by t test (n=3, mean + SEM).
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cells and measure cellular uptake of FALP1 in SKOV3 cells with
and without the conditioned medium. Flow cytometric analysis
(Fig S9) indicated that protein expression of CD36 was increased
in SKOV3 cells treated with the conditioned medium of
adipocytes (CM +) compared to untreated control cells (CM -).
We also performed flow cytometric analysis to measure the
cellular uptake of BODIPY FL-C16 (a fatty acid-like fluorophore
shown in Fig 2A) under these conditions. As shown in Fig 2F, (CM
+) SKOV3 cells accumulated more BODIPY FL-C16 than (CM -)
cells. Further analysis using GFAAS showed higher accumulation
of FALP1 (3.40+0.08 nmol Pt/106 cells in the treated SKOV3 cells
(CM +)) compared to the control (2.86+0.12 nmol Pt/10° cells in
(CM -)) (Fig 2G). Importantly, the uptake of cisplatin was not
depending on CD36 expression levels and was not affected by
the addition of the conditioned medium (Fig 2G). Consisted with
the uptake assay results, MTT assays (Fig 2H) show that FALP1
significantly suppressed growth of SKOV3 cells in the presence
of the conditioned medium (IC5o = 11.8+7.2 uM in (CM +) and
ICso = 29.841.7 uM in (CM -)). In contrast, cisplatin was less
effective in the growth suppression of SKOV3 cells and the
effect was independent of the conditioned medium (ICsq = 72.4
+17.9 pM in (CM +) and ICso = 47.1 + 11.1 pM in (CM -)). Based
on these results, we conclude that FALPs can harness CD36 to
facilitate their cell entry toward killing SKOV3 ovarian cancer
cells that overexpress CD36.

COMMUNICATION

Finally, we explored the mechanism of how FALPs kills
ovarian cancer cells. In addition to FALP1, FALP2-3 were
designed to provide additional insight into the mitochondrial
damaging effects. As shown in Fig 3A, FALP2 and FALP3 are the
cationic derivatives designed to promote further mitochondrial
accumulation of the compounds which would enhance the
efficacy of FALP1. Synthesis of FALP2-3 can be found in
Supporting Information. First, we verified mitochondrial
accumulation of FALPs by using GFAAS and fluorescence
imaging. Cisplatin was used as a control. For the A2780cis cells
treated with cisplatin (Fig 3B), a negligible amount of Pt (Pt =
31.5+8.44 pmol Pt/108 cells) was found in the mitochondria,
while the majority (Pty: = 231+£25.5 pmol Pt/10° cells) was
detected in the cytosol. In contrast, FALP1-3 carried significant
amounts of Pt content (FALP1: Pty = 307+61.3 pmol Pt/10°
cells; FALP2: Pti,o = 14584218 pmol Pt/10° cells; FALP3: Ptyito =
1423+266 pmol Pt/10° cells) to the mitochondria and is
comparable to the amount (FALP1: Pt., = 2575578 pmol
Pt/106 cells; FALP2: Pt.,, = 2748715 pmol Pt/10° cells; FALP3:
Pteyto = 22394322 pmol Pt/10° cells) delivered to the cytosol.
Next, we determined the mitochondrial damage that had been
triggered by FALPs. As shown in Fig 3C (left panel), the
treatment of FALP1 (10 uM, 24 h) increased the mitochondrial
ROS levels compared to the control. Again, the treatment of
cisplatin at an even higher concentration (60 uM, 24 h) resulted
in an insignificant change with respect to mitochondrial ROS
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Figure 3. Mitochondrial damage triggered by the fatty acid-like Pt(IV) prodrugs: A. Structures of cationic derivatives of FALPs (FALP2 and

FALP3); B. GFAAS analysis of mitochondrial and cytosolic Pt contents

in the A2780cis cells treated with cisplatin (200 uM), FALP1 (10 pM),

FALP2 (10 pM), and FALP3 (10 uM) for 6 h at 37 °C, 5% CO,; C. Flow cytometric analysis of mitochondrial ROS level (left, MitoSOX assays) and
membrane potentials (right, MitoStatus assays) of the A2780cis cells treated with cisplatin (60 uM), FALP1 (10 uM), FALP2 (1 uM), and FALP3
(1 uM) for 24 h at 37 °C, 5% CO,; D. Flow cytometric analysis of apoptosis of the A2780cis cells treated with FALP1 (10 uM), FALP2 (1 uM),
and FALP3 (1 uM) for 72 h at 37 °C, 5% CO,; E. The table of ICs, values determined by MTT assays of cisplatin, FALP1, FALP2, and FALP3

against A2780cis cells with 72-h incubaiton at 37 °C, 5% CO,.
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levels, in line with its mechanism of action. Likewise, as shown
in Fig 3C (right panel), the treatment of FALP1 (10 uM, 24 h)
induced the loss of A, of the mitochondria of A2780cis cells.
In addition, FALP2-3 (1 uM, 24 h) were able to trigger similar
mitochondrial damage as FALP1 with a much lower dosage, and
this is attributed to higher mitochondrial accumulation.
Consistent with these results, our flow cytometric analysis (Fig
3D) showed that a larger population of cells were in late (23.3%
for FALP2 or 24.4% for FALP3) and early (19.0% for FALP2 or
18.7% for FALP3) stages of apoptosis compared to the effect of
FALP1, which only induced 7.93% and 10.3% of cells to undergo
late and early stages of apoptosis, respectively (Fig 3D and Fig
S$10). Finally, the results of cytotoxicity analysis using MTT
assays (Fig 3E) and cell confluence assays (Fig S11) further
support the higher efficacy of FALP2-3 in Kkilling cisplatin-
resistant ovarian cancer cells than that of FALP1l. Taken
together, these results indicate that FALPs readily accumulate
in mitochondria and trigger mitochondrial damage and
apoptosis, thus leading to elimination of ovarian cancer cells.

In conclusion, we present for the first-time platinum-based
fatty acid derivatives (FALPs) that act like a “Trojan horse”
exploiting the upregulated CD36 to facilitate cell entry in
ovarian cancer. Unlike fatty acids which provide energy for lipid
metabolism, these Pt compounds accumulate in mitochondria
and induce mitochondrial damage. As a result, FALPs exhibit
high potency against ovarian cancer cells with cisplatin
resistance. Success of this work not only delivers new
knowledge about the interplay between metallodrugs and
CD36, but also paves a new method toward overcoming drug
resistance in ovarian cancer.
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