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Aptamer-drug conjugates (ApDCs) have the potential to
improve the therapeutic index of traditional chemotherapeutic
agents due to their ability to deliver cytotoxic drugs specifically
to cancer cells while sparing normal cells. This study reports on
the conjugation of cytotoxic drugs to an aptamer previously
described by our group, the pancreatic cancer RNA aptamer
P19. To this end, P19 was incorporated with gemcitabine and
5-fluorouracil (5-FU), or conjugated to monomethyl auristatin
E (MMAE) and derivative of maytansine 1 (DM1). The ApDCs
P19-dFdCMP and P19-5FdUMP were shown to induce the
phosphorylation of histone H2AX on Ser139 (g-H2AX) and
significantly inhibited cell proliferation by 51%–53% in
PANC-1 and by 54%–34% in the gemcitabine-resistant pancre-
atic cancer cell line AsPC-1 (p % 0.0001). P19-MMAE and
P19-DM1 caused mitotic G2/M phase arrest and inhibited
cell proliferation by up to 56% in a dose-dependent manner
when compared to the control group (p% 0.001). In addition,
the cytotoxicity of P19-MMAE and P19-DM1 in normal cells
and the control human breast cancer cell line MCF7 was min-
imal. These results suggest that this approach may be useful
in decreasing cytotoxic side effects in non-tumoral tissue.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the 12th most com-
mon cancer worldwide and the 7th most common cause of can-
cer-related death.1 In contrast to other cancer types, the mortality
rate of PDAC is increasing, and it has been predicted that PDAC
will become the second leading cause of cancer-related mortality
by 2020.2 Despite efforts to improve the treatment and outcome
of patients with PDAC, limited progress has been made.2,3 The
survival rate remains less than 5% at 5 years taking into account
all stages of the disease.4 Pancreatic resection remains the only
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curative option for patients with localized tumors; however, only
15%–20% of patients have resectable disease without metastatic
spread at the time of presentation.5

For patients with locally advanced or metastatic disease, gemcitabine,
a nucleoside analog with a structure similar to cytarabine, has been
the standard treatment for more than 10 years.6 Gemcitabine, how-
ever, only increases the 1-year survival rate from 16% to 19%. Despite
the introduction of new chemotherapy regimens, the median survival
of PDAC patients remains less than 12 months.6,7 Nevertheless, as
systemic chemotherapy provides significant survival benefits and im-
proves the quality of life of patients in comparison with best support-
ive care alone, it is still recommended by current guidelines.8–10 One
of the current limitations of aggressive chemotherapy in PDAC is
treatment-related toxicity.

Although combination therapy has been shown to be associated with
higher response rates compared to single-agent regimens,7 multi-
agent regimens are associated with more severe cytotoxic side effects,
such as neutropenia, sensory neuropathy, vomiting, and diarrhea, all
which have a negative impact on quality of life.7 In view of these
problems, improvements in selective drug delivery are imperative
for newer cytotoxic drugs.

The relatively new agents monomethyl auristatin E (MMAE),
a synthetic analog of the natural product dolastatin,11 and the
ors.
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Figure 1. Construction of the ApDC Nucleoside Analogs

(A) The chemical structures of active metabolites of gemcitabine monophosphate (dFdCMP) and 5-F-20-UTPmonophosphate (5FdUMP) are shown. (B) The structure of P19

intrinsically conjugated with dFdCMP (P19-dFdCMP) and 5FdUMP (P19-5FdUM) is shown with red dots representing dFdCMPs and blue dots represent 5FdUMPs. (C) The

dissociation constant (KD) of P19-dFdCMP and P19-5FdUMP was measured by flow cytometry using increasing concentrations of Cy3-labeled aptamers (from 15.6

to 500 nM). Mean fluorescence intensity (MFI) was measured and calculated using a one-site binding model for non-linear regression. (D) The pancreatic cancer cell line

PANC-1 was treated with 200 nM of Cy3-labeled P19-dFdCMP and P19-5FdUMP for 4 hr and analyzed by confocal microscopy. Punctate regions of Cy3 labeling were

observed in PANC-1 cells. Live-cell imaging. Red, Cy3; blue, Hoechst 33342. Scale bars, 10 mm.
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maytansinoid DM1, a derivative of maytansine, have both been inves-
tigated in several preclinical studies.12,13 Both MMAE and DM1 are
highly potent antimitotic drugs that bind to microtubules.14 Due to
their high toxicity, however, both MMAE and DM1 cannot be used
as cytotoxic drugs in their own right. Instead, both MMAE and
DM1 have been used in the construction of antibody-drug conjugates
(ADCs). ADCs are composed of a cytotoxic drug linked to a mono-
clonal antibody (mAb), which targets a tumor-associated antigen,
thus delivering the cytotoxic drug directly to the cancer cell and so
reducing toxicity in non-tumoral cells.15 ADCs can, however, induce
an immune response driven by different parts of the conjugates thus
compromising their safety and efficacy.16

This study aimed to improve current systemic chemotherapy for
PDAC by constructing aptamer-drug conjugates (ApDCs). Aptamers
are small structured single-stranded RNA chains capable of recog-
nizing cell-specific receptor targets.
RESULTS
Aptamer-Drug Conjugation: Nucleoside-Analog-Linked ApDCs

The construction of ApDCs involved conjugating the pancreatic-can-
cer-specific RNA aptamer P1917 to well-known cancer drugs. These
included gemcitabine triphosphate (dFdCTP) and 5-fluorouracil
(5-FU) triphosphate (5FdUTP). The active metabolites of the drugs,
dFdCMP and 5FdUMP (Figure 1A), were incorporated enzymatically
into the P19 RNA aptamer. The structure of P19 conjugated with
dFdCMP and 5FdUMP is depicted in Figure 1B, where the inclusion
of these drugs only marginally increased the molecular weight of
P19-dFdCMP (to 1,862 g/mol) relative to P19 due to excess fluorine
residues, while P19-5FdUMP remained unchanged (Figure S1A). The
sequences of P19-dFdCMP and P19-5FdUMP are shown in Table S1.

To determine the binding affinity of the ApDCs, we performed fluo-
rescent binding assays with PANC-1 human pancreatic cancer cells to
calculate the apparent dissociation constant (KD). Treatment with
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Figure 2. The Effect of the ApDC Nucleoside Analogs on DNA Double-Strand Breaks and Cell Proliferation

(A) PANC-1 cells treated with 500 nM P19-dFdCMP and P19-5FdUMP ApDCs were stained with antibodies against g-H2AX (indicative of DNA double-strand breaks).

Fluorescent images were taken with confocal microscopy. Green, g-H2AX; blue, Hoechst 33342. Scale bars, 10 mm. (B) Quantification of g-H2AX was measured by Image-

Pro 9.1 algorithm. One-way ANOVA test: ****p % 0.0001. (C) After treatment of PANC-1, AsPC-1, BJ, and MCF7 cells with P19-dFdCMP and P19-5FdUMP for 72 hr, cell

proliferation was measured by MTT assay. Cell proliferation was normalized with untreated control cells. One-way ANOVA test: ****p % 0.0001, ***p % 0.001.
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P19 aptamer alone in PANC-1 was previously measured at a KD

of 13.07 nM.17 Both P19-dFdCMP (KD = 7.76 nM) and P19-5FdUMP
(KD = 6.9 nM) (Figure 1C, left and right panels) showed slightly
increased binding affinity when compared to P19 alone. To determine
whether the nucleoside analog ApDC was effectively internalized, we
labeled P19-dFdCMP and P19-5FdUMP with Cy3 fluorescent dye
and incubated them with our panel of cell types. P19-dFdCMP and
P19-5FdUMP showed specific internalization into pancreatic cancer
cell line PANC-l cells, while breast cancer cells (MCF7) did not
show internalization (Figure 1D). From this, we concluded that
both P19-dFdCMP and P19-5FdUMP maintained the same epitope
specificity to PDAC cells as our original P19 aptamer.17

P19-dFdCMP and P19-5FdUMP Induce DNA Double-Strand

Breaks and Inhibit Cell Proliferation in Pancreatic Cancer Cells

The most well-known mechanism of action for nucleoside analogs
is inhibition of DNA synthesis and DNA damage.18 To characterize
the level of DNA damage induced by P19-dFdCMP and P19-
5FdUMP in PANC-1 cells, we used an indirect immunofluores-
cence assay (IFA) to measure the appearance of the phosphorylated
82 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
form of histone H2AX Ser 139 (g-H2AX), a specific biomarker
of DNA double-strand breaks (DSBs).19 P19-dFdCMP and P19-
5FdUMP significantly increased the incidence of nuclear DSBs, as
indicated by increased g-H2AX in ApDC-treated cells relative to
negative control or P19-only-treated cells (Figure 2A). Quantifica-
tion of g-H2AX relative to control demonstrated a significant
16-fold increase in DSBs for P19-dFdCMP and a 12-fold increase
for P19-5FdUMP (p % 0.0001, one-way ANOVA) (Figure 2B;
Table S2).

To assess the effects of nucleoside analog ApDCs on cell proliferation,
we used an MTT assay in PANC-1 and gemcitabine-resistant AsPC-1
cells and BJ and MCF7 cell lines. P19-dFdCMP and P19-5FdUMP
(1 mM) significantly inhibited cell proliferation at 72 hr only in
PANC-1 and AsPC-1 cells (Figure 2C). PANC-1 and AsPC-1 cells
showed significant (and similar) rates of reduction in proliferation
following treatment with P19-dFdCMP. In contrast, P19-5FdUMP
was more potent in PANC-1 cells than in AsPC-1 cells. No reduction
in proliferation was observed in MCF7 and BJ lines treated with
P19-dFdCMP and P19-5FdUMP (Figure 2C).



Figure 3. Construction of Anti-mitotic ApDCs

(A) The dissociation constant (KD) of truncated P19 (tP19) was measured by flow cytometry using increasing concentrations of Cy3-labeled aptamers (from 15.6 to 500 nM).

Mean fluorescence intensity (MFI) was measured and calculated using a one-site binding model for non-linear regression. (B and C) The schematic representation illustrates

chemical conjugation of MMAE and DM1 to tP19. A carbon linker was used to conjugate the drugs to the 50 end of a sticky sequence (SE). (D) Pancreatic cancer cell lines

PANC-1 and non-pancreatic cell lines Huh7, HepG2, and MCF7 were treated with 200 nM Cy3-labeled tP19 for 4 hr and analyzed by confocal microscopy. Cy3 signal was

only observed in the non-pancreatic cancer cell line. The staining represents live-cell imaging. Blue, Hoechst 33342. Scale bars, 10 mm. (E) The pancreatic cell line PANC-1

and non-pancreatic cancer cell line MCF7 were treated with 500 nM of the Cy3-labeled tP19-MMAE or (F) tP19-DM1 and analyzed by confocal microscopy. The staining

represents live-cell imaging. Punctate regions of Cy3 labeling were observed only in PANC-1 cells. Red, Cy3; blue, Hoechst 33342. Scale bars, 10 mm.
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Aptamer-Drug Conjugation: Cytotoxic-Drug-Linked ApDCs

We constructed antimitotic ApDCs by chemical conjugation of a
truncated form of the P19 aptamer to MMAE and DM1. First, in
order to facilitate increased binding affinity and allow large-scale
chemical synthesis, the full length of P19 was truncated to a
smaller 27-mer unit (tP19) (Table S1). The binding affinity of
tP19 was confirmed at a KD of 8.7 nM, (Figure 3A), and this
was also comparable to full-length P19. Next, to prevent structural
hindrance of tP19, its 50 end was attached to either MMAE (Fig-
ure 3B) or DM1 (Figure 3C) via a sticky sequence (SE). After
chemical conjugation, each compound was high performance
liquid chromatography (HPLC) purified. Then, to assemble the
ApDCs, tP19-SE linked to MMAE-SE or DM1-SE was annealed
in folding buffer to create functional tP19-MMAE and tP19-
DM1 complexes (Figure S1B).

To confirm whether this newly truncated tP19 complex maintained
the same epitope specificity to PDAC cells as our previously reported
full-length P19,17 a cell internalization assay was performed using
PANC-1 and a panel of non-pancreatic cancer cells, including
Huh7, HepG2, and MCF7. tP19 maintained binding specificity and
internalization to PANC-1 cells only (Figure 3D). The ApDCs linked
to the truncated aptamers were also screened for target cell specificity.
Both tP19-MMAE and tP19-DM1 were tested against PANC-1 and
MCF7 cells, but only PANC-1 cells showed internalization of tP19-
MMAE (Figure 3E) and tP19-DM1 (Figure 3F).
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 83
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tP19-MMAE and tP19-DM1 Induce Cell-Cycle Arrest and Inhibit

Cell Proliferation in PANC-1 Cells

Since MMAE and DM1 are strong anti-mitotic drugs inhibiting
microtubule polymerization, to characterize cell-cycle perturbation
induced by tP19-MMAE and tP19-DM1, we used flow cytometry to
measure the effect on cell-cycle progression. PANC-1 cells were
treated with 500 nM tP19, tP19-MMAE, or tP19-DM1 for 72 hr.
tP19 treatment did not disrupt any phase of the cell cycle (Figures
4A and 4B). tP19-MMAE and tp19-DM1 treatment caused a signifi-
cant increase in cells entering the G2/M phase (Figures 4A and 4B).
To confirm the antiproliferative effects of both ApDCs and their
cell selectivity, an MTT cell proliferation assay was carried out in
PANC-1, BJ, MCF7, U251-MG, and HCT116 cells treated with
tP19-MMAE (Figure 4C) and tP19-DM1 (Figure 4D). tP19-MMAE
and tP19-DM1, while showing no response in BJ and MCF7 cells,
induced significant inhibition in proliferation of PANC-1 at 72 hr
dose dependently. Since PANC-1 represents cells of an undifferenti-
ated and aggressive metastatic phenotype, we tested both ApDCs on
other cells bearing a similar phenotypic trait. U251-MG glioblastoma
cells and HCT116 colorectal carcinoma cells were treated with tP19-
MMAE and tP19-DM1. Both treatments cause significant inhibition
in cell proliferation (Figures 4C and 4D). Interestingly, our original
full-length P19 aptamer also showed suppression in proliferation of
U251-MG and HCT116 similar to that observed with tP19 (Fig-
ure S2). When compared side by side, it was noted that both tP19-
MMAE and tP19-DM1 caused stronger suppression in proliferation
of U251-MG and HCT116 when compared to PANC-1 cells (Figures
4C and 4D). This observation suggests that P19/tP19 may also be a
relevant vehicle for cells bearing an aggressive metastatic phenotype;
however, this is an area that has yet to be investigated.

DISCUSSION
To improve drug-specific delivery to cancer cells, aptamers have been
at the forefront of development in nanomedicine for targeted delivery
of chemotherapeutic agents. These aptamers offer significant advan-
tages over antibodies, including better stability, lower toxicity, lower
immunogenicity, and a better safety profile.20,21 RNA aptamers can
be synthesized chemically or enzymatically, thus making it possible
to incorporate nucleoside analogs for anti-cancer drugs into ap-
tamers, such as gemcitabine and 5-FU.

In this study, ApDCs consisting of chimeric aptamers conjugated to
the cytotoxic active metabolites of the nucleoside analogs gemcita-
bine and 5-FU and to the cytotoxins MMAE and DM1 were used
for targeted delivery to PANC-1, a cell line representing PDAC (Fig-
ure 5). Successful construction and biological use of these ApDCs
were demonstrated using a range of assays, including fluorescent
internalization imaging and a MTT cell proliferation assay. In this
Figure 4. Cell-Cycle Analysis and Cell Proliferation Assay of the Anti-mitotic A

(A and B) PANC-1 cells treated with tP19-MMAE (A) or tP19-DM1 (B) at 500 nM were st

with flow cytometry and analyzed with ModFit deconvolution software. The percentage

treatment of PANC-1, U251, HCT116, BJ, andMCF-7 cells with various concentrations

an MTT assay. Cell proliferation was normalized with untreated control cells. One-way
setting, we demonstrated specific internalization of ApDCs into can-
cer cells bearing an aggressive metastatic phenotype, directly deliv-
ering active anti-metabolites and cytotoxins, and inducing selective
and potent proliferative activity while sparing normal cells. To
incorporate the nucleoside analogs gemcitabine and 5-FU in our
previously reported PDAC-specific aptamer, P19, three-phosphate
fluoropyrimidines of dFdCTP and 5FdUTP were used. During the
conjugation process, two phosphates were removed and the final
outputs were active monophosphate forms of the fluoropyrimi-
dines (dFdCMP and 5FdUMP). Once internalized, dFdCMP and
5FdUMP would subsequently be phosphorylated to diphosphate
or triphosphate fluorodeoxycytidine (dFdCDP and dFdCTP).18

Since fluorines are electronegativity charged, they strongly bind to
other molecules and prevent DNA chain elongation and subse-
quently DNA synthesis.22 Their effects have been principally
ascribed to misincorporation of fluoronucleotides into DNA, RNA
and inhibition of thymidylate synthase (TS).23–25 From our study,
we confirmed that ApDCs were internalized into cells (Figures 1D
and 3D–3F) and induced DNA damage (Figures 2A and 2B).
In vitro cell proliferation assays demonstrated significant cell growth
inhibition in PANC-1 and even in the gemcitabine-resistant cell
AsPC-1 (Figure 2C). Since low cell penetrance is the most likely
paradigm for gemcitabine resistance, our data suggest that ApDCs
may help ablate chemoresistance in pancreatic cancer by allowing
internalization and delivery of the drug to otherwise inaccessible
cells.26

MMAE and DM1 are potent anti-mitotic agents. However, because of
their high toxicity, they cannot be administered on their own. Most
experimental evidence for the efficacy and safety of MMAE is derived
from in vivo studies and xenograft models with ADCs.27 Up to now,
there are few published studies regarding the use of MMAE with
ADCs in pancreatic cancer. In a phase 1 study of patients with plat-
inum-resistant ovarian cancer or unresectable PDAC, MMAE conju-
gated with a monoclonal antibody against mesothelin had antitumor
activity in both types of cancer, with acceptable dose-limiting
toxicity.28 In another phase 1 study of patients with gastric or pancre-
atic cancer, MMAE targeting SLC44A4 was generally well tolerated
but had limited antitumor activity.29 Another promising cytotoxic
drug is DM1, which is a potent microtubule-targeted compound,
but in clinical trials, it showed lack of tumor specificity and unaccept-
able systemic toxicity. When combined with ADC, DM1 inhibited
growth of grafted PDAC tumor nodules in preclinical models.13 How-
ever, ADCs have potential pitfalls that can affect their application in
clinical practice, including instability, poor pharmacokinetic proper-
ties, and immunogenicity.30 In the field of targeted cancer therapy,
ApDCs and ADCs are used similarly. However, ApDCs display
different advantages over ADCs, as they do not aggregate, are more
pDCs

ained with propidium iodide (PI). Fluorescence of the PI-stained cells was measured

of cells in G1, S, and G2/M phases of the cycle is indicated (inset). (B and C) After

of tP19-MMAE (C) and tP19-DM1 (D) for 72 hr, cell proliferation was measured using

ANOVA test: ****p % 0.0001, ***p % 0.001 **p % 0.01, *p % 0.05.
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Figure 5. A Summary Schematic of ApDCs as Targeted Chemotherapeutics

To induce cytotoxic effects in cancer cells, intrinsically incorporated active metabolites of nucleoside analogs and anti-mitotic drugs conjugated at the 50 end of aptamer were

constructed. The ApDCs are internalized into the targeted cells by receptor mediation. The nucleoside analogs are disassociated from the aptamers and induce DNA

damages to induce cell death. The cytotoxic agents are disassociated from the aptamer and inhibit the cell mitosis to induce cell death.
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stable, have less toxicity, have greater specificity, and are easier and
more economical to produce.31–34

We previously demonstrated that aptamers could be used as potential
drug-delivery vehicles with customized specificity to cell-surface re-
ceptors followed by efficient internalization to these cells.17 In this
study, an ApDC was constructed to deliver chemotherapeutic agents
specifically to PDAC cells. To construct ApDCs with MMAE and
DM1, our previously reported P19 was truncated in order to increase
binding affinity and allow large-scale chemical synthesis. This modi-
fied aptamer was termed tP19. An in vitro cell proliferation (MTT)
assay demonstrated that tP19-MMAE and tP19-DM1 significantly
inhibited growth in PANC-1 cells. We also observed cross anti-pro-
liferative effects of tP19-MMAE and tP19-DM1 in the undifferenti-
ated and highly proliferative U251-MG, glioblastoma (GBM) cell
lines and HCT116, colorectal carcinoma cell lines. Interestingly,
our original full-length P19 aptamer also showed cross-reactivity,
with these two cells bearing an aggressive tumorigenic phenotype
(Figure S2). This observation implies that the P19 aptamer or the
truncated tP19 aptamers might be candidate vehicles to deliver
chemotherapeutic agents to cells with an aggressive metastatic profile,
such as glioblastomas and colon cancer cells.

As the technology to synthesize these oligonucleotides becomes more
amenable to large-scale production under good manufacturing prac-
tice (GMP) conditions, ApDCs present as an attractive therapeutic
moiety for safer cell-specific delivery of anti-cancer drugs.
86 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
MATERIALS AND METHODS
Chemicals

Gemcitabine-50-triphosphate (dFdCTP) was purchased from Sierra
Bioresearch. 5-F-20-UTP triphosphate (5FdUTP) was purchased
from TriLink Biotechnologies. DuraScribe T7 transcription kit
(Epicenter Biotechnologies) was used to incorporate dFdCTP and
5FdUTP into aptamers. Micro Bio-spin P30 columns (Bio-Rad)
were used to remove unincorporated dFdCTP and 5FdUTP. Primary
antibodies for g-H2AX were purchased from Cell Signaling Technol-
ogy. Secondary antibodies conjugated with Alexa 88 were purchased
from Thermo Fisher Scientific.

Cell Lines

The following cell lines were purchased from the American Type Cul-
ture Collection (ATCC): PANC-1 (pancreatic epithelial carcinoma,
CRL-1469), AsPC-1 (pancreatic adenocarcinoma, CRL-1682), MCF7
(breast adenocarcinoma, HTB-22), HCT116 (colorectal carcinoma,
CCL-247), HepG2 (hepatocarcinoma, HB-8065), PC-3 (prostatic can-
cer, CRL-1435), and BJ (normal fibroblast, CRL-2522). Huh-7 cells
were purchased from Japanese Collection of Research Bioresources
(JCRB). U251-MG (glioblastoma, 09063001) cells were purchased
fromSigma-Aldrich. The cellswere cultured according to the suppliers’
instructions.

Aptamer Internalization Studies

1 � 105 PANC-1 cells were seeded in 35-mm glass-bottom dishes
(MatTek) and grown in appropriate media for 24 hr. Aptamer
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RNA was labeled with Cy3 fluorescent dye using the Cy3 Silencer
siRNA labeling kit (Thermo Fisher Scientific). Cy3-labeled aptamers
were added to the cells at 200 nM or 500 nM and incubated for 2 hr.
Live-cell confocal imaging was performed with a Zeiss LSM 510 Meta
inverted two-photon confocal microscope system using a C-Apo
40�/1.2 numerical aperture (NA) water-immersion objective and
AIM 4.2 software (Carl Zeiss).

Flow-Cytometry-Based Binding Assays

To determine the KD of truncated P19 interactions with PANC-1
cells, aptamer binding was assessed by flow cytometry. PANC-1 cells
were detached using Accutase (Sigma-Aldrich), washed with PBS,
and suspended in binding buffer (PBS solution [DPBS without
Ca2+ and Mg2+, Corning] and 5 mM MgCl2). Next, Cy3-labeled ap-
tamers were added and incubated with PANC-1 cells for 30 min at
room temperature. Cells were washed with binding buffer and imme-
diately analyzed by Fortessa flow cytometry (BD Biosciences). DAPI
(1 mg/mL) was used to identify and exclude dead cells. Data were
analyzed with FlowJo software. The mean fluorescence intensity
(MFI) was calculated for each aptamer concentration and for the un-
selected library controls. Control values were considered to be back-
ground fluorescence and were subtracted from the aptamer values, as
previously described by Sefah et al.35 KD was calculated using a one-
site binding model. Non-linear regression was performed using
GraphPad Prism (GraphPad Software).

MMAE and DM1 Aptamer Conjugation with a “Sticky Bridge

Sequence”

MMAE and DM1 were chemically attached to the 50 end of a sticky
bridge sequence to maintain aptamer structure. The same concentra-
tion of tP19-SE and MMAE-SE or DM1-SE was annealed in binding
buffer at 95�C for 5 min and slowly cooled down and incubated at
37�C for 20 min more to make the ApDCs.

g-H2AX Evaluation

To investigate whether 5FdUMP and dFdCMP induced double-
strand breaks in nuclear DNA, g-H2AX evaluation was performed
by IFA. 5 � 104 PANC-1 cells were seeded in four-chamber slides
and grown in appropriate media for 24 hr. P19, P19-5FdUMP, and
P19-dFdCMP were added to cells at 500 nM and incubated for
48 hr. The cells were fixed in 3% paraformaldehyde solution, permea-
bilized in 0.1% Triton X-100, and stained with anti-g-H2AX (Cell
Signaling, 1:2,000), followed by Alexa-488-labeled secondary anti-
body. Nuclear dots, indicative of nuclear DSBs, were counted using
Image-Pro software (Media Cybernetics). The images were analyzed
using Image Pro Premier, where the nuclear specks were counted us-
ing smart segmentation under count/size. The setting of smart seg-
mentation was saved and then applied to subsequent images so that
all images were analyzed in an identical manner. The representative
images were depicted in Figure S3.

Cell-Cycle Analysis

For cell-cycle evaluation, 5 � 105 PANC-1 cells were treated with
tP19, tP19-MMAE, or tP19-DM1 at 500 nM. After 4-hr incubation,
cells were washed and new media was added. Cells were harvested af-
ter 72 hr, fixed in 70% ethanol overnight, and washed with PBS. Cells
were centrifuged for 10 min at 300 � g and resuspended in 500 mL
propidium iodide (PI)/Triton X-100 staining solution (0.40 mL of
500 mg/mL PI, 0.1% [v/v] Triton X-100, and 2 mg DNase-free
RNase A, to 10mL) for 15min at 37�C. Fluorescence of the PI-stained
cells was measured with flow cytometry and analyzed with ModFit
deconvolution software (Verity Software House).

Cell Proliferation Assay

To determine the inhibition of cell proliferation, PANC-1 and
AsPC-1 cells were seeded at 5 � 103 cells per well in 96-well plates
and grown in appropriate media for 24 hr. P19, P19-5FdUMP, and
P19-dFdCMP were added to cells at 1 mM and changed the media
to remove the remaining ApDCs. Inhibition of cell proliferation
was measured by MTT assay after 72-hr incubation.

PANC-1, MCF7, U251-MG, HCT116, and BJ cells were seeded at
5 � 103 cells per well in 96-well plates and grown in appropriate me-
dia for 24 hr. tP19-MMAE and tP19-DM1 were added to cells at
various concentrations (from 1 mM to 0.45 mM, 3-fold dilutions)
and incubated for 4 hr. Cells were washed and new media was added
after 4-hr incubation to remove remaining ApDCs. After 72 hr,
the inhibition of cell proliferation was measured by MTT assay
(Promega).

Statistical Analysis

Statistically significant differences were determined by Student’s t test
and ANOVA using GraphPad Prism software (GraphPad Software).
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