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Abstract

Chemotherapy has been adopted for cancer treatment over decades. However, its efficacy and
safety are frequently compromised by the multidrug-resistance of cancer cells and the poor cancer
cell selectivity of anticancer drugs. Hereby, we report a combination of pyridine-2-thiol containing
polymer and copper which can effectively kill a wide spectrum of cancer cells, including drug
resistant cancer cells, while sparing normal cells. The polymer nanoparticle enters cells via an
exofacial thiol facilitated route, and releases active pyridine-2-thiol with the help of intracellularly
elevated glutathione (GSH). Due to its high GSH level, cancer cells are more vulnerable to the
polymer/copper combination. In addition, RNA microarray analysis revealed that the treatment
can reverse cancer cells upregulated oncogenes (CIRBP and STMNL1) and downregulated tumor
suppressor genes (CDKN1C and GADDA45B) to further enhance its selectivity for cancer cells.

Introduction

Although various anticancer drugs have been developed to conquer cancer, a large number
of cancer patients ultimately still lost their battle against it.1 There are two major causes for
the failure, drug resistance of cancer cells and side effects of anticancer drugs.2 Because of
the inherited or acquired multidrug resistance, cancer cells survive after receiving the
original effective drug,® which results in the recurrence of the cancer and eventually kills
cancer patients. The selectivity of anticancer drugs used in chemotherapy is predominantly
relying on the proliferation rate difference between normal cells and cancer cells.* Most
cancer cells are fast growing.> However, besides cancer cells, normal cells in the digestive
tract, bone marrow, hair follicles, and reproductive system are also vulnerable to anticancer
drugs that targeting quick proliferating cells due to their fast renewal nature. Furthermore,
some anticancer drugs even compromise the function of heart, nervous system, and kidneys.

To increase the selectivity of anticancer drug for cancer cells, various approaches have been
explored, including utilizing the specific receptors expression level difference between
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normal and cancer cells,® as well as the tumor unique physiological properties such as low
pH,” high GSH,8 and changed metal ion concentrations.® Among them, copper
concentration in tumors has attracted extreme high interest recently. Copper is an important
trace metal that plays critical roles in maintaining normal biological functions. Elevated
copper concentration (up to 2-3 fold) is frequently observed in a wide spectrum of tumors
including ovarian, breast, cervical, prostate and leukemia.1% High copper concentration
facilitates tumor angiogenesis. Depletion of copper by copper chelators such as D-
penicillamine, trientine, and disulfiram has been proved effective in inhibiting angiogenesis
and killing cancer cells both 7n vitro and in vivol Chelators can form complex with copper
by thiol, amine, and pyridine ring to reduce copper concentration in the tumor, which
eventually result in the death of cancer cells.12 Thus, several clinic trials involve the copper
chelators have been conducted.13 However, due to the non-specific tissue distribution and
rapid clearance of chelators, none or only little beneficial was observed in those trials.

Our preliminary study found that the addition of copper ions to 2, 2”-Dithiodipyridine (DTP)
could significantly boost its cytotoxicity for cancer cells and normal cells (Fig. S1). To
endow high density of pyridine-2-thiol, the intracellular metabolite of DTP, we designed a
poly[(2-(pyridin-2-yldisulfanyl)ethyl acrylate)-co-[poly(ethylene glycol)]] (PDA-PEG)
polymer. PDA-PEG was synthesized through free radical polymerization according to our
published method.8 The pyridine rings in PDA can complex with Cu2*, turning the polymer
into a multi-chelator system.

Results and discussion

The successful synthesis of the polymer was verified by TH-NMR (Fig. S2A) and gel
permeation chromatography (GPC) (Fig. S2B). The 1H NMR result revealed that the actual
ratio between PDA and mPEG in the final PDA-PEG polymer was close to their feeding
ratios (1:1). GPC showed that the molecular weight of PDA-PEG polymer was 41.8 kDa.
Due to the co-existing of hydrophobic PDA and hydrophilic PEG, the amphiphilic PDA-
PEG self-assembles into nanoparticle in aqueous solution. Zeta sizer revealed that PDA-PEG
nanoparticles had a hydrodynamic size of 87.64+2.06 nm and carried negative surface
charge (-15.4£2.05 mV). The morphology of PDA-PEG nanoparticle was also confirmed by
TEM, which showed a spherical shape with a size around 80 nm (Fig. 1A). After the
addition of Cu2* (CuCl,, 10 uM), the hydrodynamic size of the nanoparticles increased to
196.4+0.07 nm (Fig. S3), while becoming less negatively charged (-5.47+0.86 mV). Due to
the interaction between Cu2* and pyridine ring made the PDA segment more hydrophilic so
that the core became less condensed (Fig. 1B), which led to the increase of the particle
size.14 The formation of nanoparticle will endow two advantages for cancer therapy. First,
due to the existence of PEG corona, the circulation time of the polymer in the blood stream
can be greatly extended. Second, by taking advantage of the leaky structure of the capillaries
in the tumor tissue, the formed PDA-PEG/Cu2* nanoparticle can be enriched in the tumor
through the so called enhanced permeability and retention (EPR) effect.

To validate whether the polymer form of DTP chelator possesses similar cell killing capacity
as its small molecular counterpart, cell proliferation assay was employed in 7 cancer cell
lines, 5 normal cell lines, and a NIH 3T3 cell line, an immortalized cell line derived from
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normal cells. As expected, PDA-PEG nanoparticle did not show obvious toxicity up to the
equivalent DTP concentration of 40 uM for all tested cells (Fig. S4). Similar as DTP, the
addition of Cu2* dramatically enhanced the potency of PDA-PEG nanoparticles for cancer
cells (Fig. 2). The ICso of PDA-PEG/Cu?* for SKOV-3, NCI/ADR-Res, MDA-MB-231, and
UMSCC 22A cells were less than 6 uM (Table S1), and with a ICgs less than 20 uM.
Contrary to its small molecule counterpart (Fig. S1B), the cell killing effect of PDA-PEG/
Cu?* for cancer cells and normal cells are significantly different. Fig. 2 also showed that
PDA-PEG/Cu?* combination is non-toxicity to normal cells, including keratinocytes,
fibroblasts, breast epithelial cells, colon cells, and hepatocytes, up to 80 M. The 1Cggs for
normal cells were 10-70 fold higher than those for cancer cells (Table S1). All these
suggested that PDA-PEG/Cu2* could selectively kill cancer cells, including drug resistant
cancer cells, while sparing normal ones. In addition, Fig. S5 also revealed that the
cytotoxicity of PDA-PEG/Cu?* for cancer cells increases with the increase of Cu2*
concentration, while not showing influence on normal cells.

To further validate that the PDA-PEG/Cu?* combination can specifically kill cancer cells
versus normal ones, NIH 3T3, SKOV-3, NCI/ADR-Res, and UMSCC 22A cells were stained
with different color fluorescent dyes. NIH 3T3 cell was selected as a representative normal
cell because its comparable growth rate and suitability for co-culture with cancer cells in
DMEM medium. Fig. 3 showed that all cells except NIH 3T3 were rounded up after treated
with 8.3 uM of PDA-PEG/Cu?*, indicating these cells were not in healthy status. On the
contrary, NIH 3T3 cells still kept its original stretched cell shape at 20.79 uM. All these
images visually confirmed the MTT results in Fig. 2. This phenomenon was also observed in
the multiple cell lines co-culture model (bottom row of Fig. 3), where only NIH 3T3 cells
kept their original spindle morphology, indicating that the PDA-PEG/Cu?* combination
could selectively kill cancer cells while sparing normal cells in a more disease relevant co-
culture model.

To probe the mechanism for PDA-PEG/Cu?* selectively killing cancer cells, we first
investigated the cellular uptake of PDA-PEG and PDA-PEG/Cu?* nanoparticle with flow
cytometry and confocal microscopy. Fig. 4A showed that the nanoparticles fabricated from
Cy5 labeled PDA-PEG and PDA-PEG/Cu?* combination entered cells with identical
manners, suggesting that the addition of copper ions did not affect its entering cells. In
addition, these nanoparticles showed similar efficiency in entering normal cells (NIH 3T3)
and cancer cells (SKOV-3). Therefore, the uptake of PDA-PEG/Cu?* wasn’t the reason for
its cancer-cell-selectivity. 5,5”-Dithio-bis-(2-nitrobenzoic acid) (DTNB) is a compound
binds the free thiol groups on the surface of cell membrane. The addition of DTNB
significantly inhibited the cellular uptake of PDA-PEG (Fig. 4B), suggesting that PDA-PEG
entering cells via exofacial thiol mediated endocytosis. We think this is because PDA-PEG
polymer contains high density of thiol-reactive PDA segment, which can react with exofacial
thiols through thiol-disulfide exchange reaction to facilitate cellular uptake. Similar blocking
effect was also observed in NIH 3T3 cells treated with DTNB (Fig. S6).

Our previous study found that polymer-drug conjugates linked through disulfide bond could
quickly release its payload by cleaving the disulfide bond with the help of intracellular
elevated glutathione (GSH).® As pyridine-Cu complex analogues had been reported highly
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toxic and extensively studied as anticancer drugs, the release of pyridine-Cu complex
probably induced cell death.24 The high cytotoxicity of DTP/copper combination also
suggested that pyridine-2-thiol/copper combination could be the active segment for its
cytotoxicity. To study the release kinetics of the PDA-PEG/Cu?* nanoparticles, samples
were dispersed in phosphate buffers supplemented with different levels of GSH as well as
serum containing media to mimic the plasma and intracellular environment. Fig. 5A showed
that PDA-PEG/Cu?* is extremely stable at a low reducing environment ([GSH] < 0.1 mM),
such as the plasma, where has a GSH level less than 5 uM.15 However, almost all
pyridine-2-thiol segments could be instantly released from PDA-PEG at the GSH level of 10
mM, indicating its super responsiveness to the intracellular reducing condition. Furthermore,
the polymer/copper combination was very stable in 50% serum containing medium, only
12.92% pyridine-2-thiol was released after 7 days of incubation (Fig. 5B), suggesting its
great stability during blood circulation.

Since there was no significant difference between normal cells and cancer cells in uptaking
PDA-PEG/Cu?* nanoparticle, we postulate that the observed cancer-cell-selective-killing
effect was due to the intrinsic difference between normal and cancer cells. It has been
reported that GSH levels in tumor tissues, such as ovarian, head and neck, breast, and lung
cancer are higher than that in normal tissues.18 To probe whether the high GSH level is also
prevail in cancer cells /n vitro, GSH-Glo™ Glutathione Assay was employed. Interestingly,
Fig. 5C revealed that, the GSH level range in normal cells is relatively broad, ranging from
0.48 to 5.65 uM, while most tested cancer cell lines displayed relatively high GSH level (> 2
UM), suggesting that intracellular GSH level could be a valid target for cancer targeted
therapy. To prove that, glutathione-monomethylester (GSH-MME, 5 mM) and buthionine
sulfoxamine (BSO, 1mM) were employed to boost or deplete the intracellular GSH level in
normal cells (NIH 3T3, BNL CL.2, KC, and MCF 10A) or cancer cells (NCI/ADR-Res,
HCT 116, UMSCC 22A, SKOV-3, and MDA-MB-231), respectively.1” After the addition of
GSH-MME all normal cells exhibited higher intracellular GSH level (Fig. 5C). As expected,
these cells became more vulnerable to the polymer/copper combination treatment (Fig. 5D
and S7). On the contrary, BSO treated NCI/ADR-Res, UMSCC 22A, and SKOV-3 cells
displayed declined GSH level. Interestingly, only NCI/ADR-Res cells became more tolerant
to the polymer/copper combination treatment (Fig. 5E), while the other two cancer cell lines
kept their sensitivity to the treatment (Fig. S8). Based on these results shown in Fig. 5, we
conclude that intracellular GSH level is not the sole cause for the cancer-cell-selective-
killing effect of PDA-PEG/Cu?* nanoparticles.

Among those tested cells, there were several exceptions. First, MCF 10A and KC exhibited
higher GSH level than other normal cells and cancer cell, while not sensitive to PDA-
PEG/Cu?* treatment. Second, NCI/ADR-Res cells showed lower GSH level than other
cancer cells, but still vulnerable to the treatment. Third, SKOV-3 and UMSCC 22A cells
displayed lower GSH level after BSO treatment, however, the decreased GSH level only
slightly abolished their response to PDA-PEG/Cu?* (Fig. S8). To solve these puzzles, we
further investigated the gene response to PDA-PEG/Cu?* treatment in MCF 10A, NCI/ADR-
Res, and SKOV-3 cells through RNA microarray analysis. Cells were treated with PDA-
PEG/Cu?* for 12 h before the RNA extraction. Microarray analysis data revealed that, for
untreated cells, the RNA levels of oncogenes (CIRBP and STMN1) were upregulated, while
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tumor suppressor genes (CDKN1C and GADD45B) were downregulated in both ovarian
cancer cell lines (Fig. 6A). Surprisingly, PDA-PEG/Cu?* treatment reversed the above gene
expression pattern by downregulating the RNA level of CIRBP and STMNL1 (>3 folds),
while upregulating CDKN1C and GADDA45B (>5 folds) (Fig. 6B). Interestingly, no obvious
expression level change of these genes was detected in the normal breast cell line. Other
studies showed that oncogenes (CIRBP1 and STMN119) are upregulated while tumor
suppressor genes (CDKN1C20 and GADD45B21) are downregulated in various types of
cancers. Since the upregulated oncogenes and downregulated tumor suppressor genes
stimulate cancer cell proliferation and promote tumor growth, reversing those malregulated
genes through PDA-PEG/Cu?* treatment would result in cancer cells apoptosis. For MCF
10A cells, although the high level of GSH could release large amount of pyridine-2-thiol
intracellularly, cells still survived due to that those oncogenes and tumor suppressor genes
are not sensitive to the treatment. For NCI/ADR-Res cells, whose GSH level is relatively
low but still high enough to release needed pyridine-2-thiol to regulate their oncogenes and
tumor suppressor genes due to its high sensitivity. Similarly, BSO decreased the GSH level
in SKOV-3 and UMSCC 22A cells, while the resulted GSH level is still high enough to
release pyridine-2-thiol to regulate their oncogenes and tumor suppressor genes. Therefore,
the cancer-cell-selective-killing property of PDA-PEG/Cu?* is the combination effects of
high intracellular GSH level and the malregulation of oncogenes and tumor suppressor genes
in cancer cells.

CDKNAC is an inhibitor for G1 cyclin/Cdk complexes and causes cell arrest in G1 phase.20
To investigate the effect of CDKN1C up-regulation after PDA-PEG/Cu?* treatment, cell
cycle analysis was employed. Fig. 7 showed that PDA-PEG/Cu?* inhibited cell division and
arrested cancer cells in G1 phase, which could induce cell apoptosis. As expected, PDA-
PEG polymer or Cu2* ijon alone did not show any effect on the cell cycle distribution of
SKOV-3 cells.

Conclusions

In summary, we developed a cancer-cell-selective-killing nanoparticle from PDA-PEG/Cu?*
combination aiming for safe and effective cancer therapy. The polymer/Cu?* based
nanoparticle entered cells through the interaction with exofacial thiols, and subsequently
released pyridine-2-thiol-Cu complex to kill cells. Due to the difference in the intracellular
GSH level as well as the expression level of oncogenes (CIRBP and STMN1) and tumor
suppressor genes (CDKN1C and GADD45B) between normal and cancer cells, the PDA-
PEG/Cu?* exhibited high selectivity in killing a broad spectrum of cancer cells, including
drug resistant one, while sparing normal cells. Therefore, PDA-PEG/Cu2* nanoparticle will
provide a new paradigm for the cure of ovarian and other cancers. The ongoing research will
investigate the cell killing mechanism of PDA-PEG/Cu?* in molecular level and test whether
the cancer-cell-selective-killing effect of PDA-PEG/Cu?* can be translated into a safe and
effective cancer treatment tool /n vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
TEM images of nanoparticle fabricated from PDA-PEG alone (A), and PDA-PEG/Cu2*
combination (B). Scale bars are 200 nm.
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Fig. 2.
Cytotoxicity of PDA-PEG/Cu2* combination for normal (N) and cancer (Tu) cells. Normal

cells include KC (human keratinocyte), NIH 3T3 (murine fibroblast), MCF 10A (human
breast epithelial cell), BNL CL.2 (murine liver cell), CONA (CCD 841 CoN, human colon
cell), and HH (human hepatocyte). Data represent the means+SD, n=3.
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Fig. 3.
Fluorescence images of cancer cells after culturing with different concentrations of PDA-

PEG/Cu?* combination. NIH 3T3, NCI/ADR-Res, SKOV-3 and UMSCC 22A were pre-
stained with Cell Tracker™ deep red, blue, green CMFDA and orange CMTMR dye,
respectively, and imaged 24 h after the treatment. The scale bars were 40 um.
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uptake of nanoparticles in SKOV-3 cells (B). Cellular uptake assays were carried out 1 h
after the addition of nanoparticles. Scale bars were 20 um.
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The release kinetic of pyridine-2-thiol liberating from PDA-PEG at different GSH levels (A)
and in serum containing media (B), the GSH level in different cell lines and response to the
addition of GSH-MME and BSO (C), GSH-MME effect on the cytotoxicity of PDA-
PEG/Cu?* for MCF10A cells (D), and BSO effect on the cytotoxicity of PDA-PEG/Cu2*
combination for NCI/ADR-Res cells (E). Data represent the means+SD, n=3.
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RNA expression in response to PDA-PEG/Cu2* treatment. Cells were treated with 41.58 uM
of PDA-PEG/Cu?* for 12 h. (A) Heatmap RNA level with and without drug treatment. Red:
upregulation; green: downregulation; black: no change. (B) Genes alteration fold after
treatment.
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Fig. 7.
Cell cycle analysis of SKOV-3 cells after treated with 41.58 uM of PDA-PEG/Cu2+ for 12 h.

Flow cytometry spectra (A) and quantitive analysis (B) of cell cycle. Data represent the
means=SD, n=3. *p<0.01.
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