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and intractableness of tumors in advanced stages,”* the pres-
ence of subpopulations with a high invasive potential (termed
“budding”) characterizes tumor heterogeneity in CRCs. "
Budding is defined as detachment from tumor tissues into sin-
gle or up to five cancer cell clusters at invasive front lesions
(19200 provione ramarts | i
of CRCs. Previous reports, including our own, indicate
that tumor budding undergoes EMT.®*® The clinical guide-
lines of the European Society for Medical Oncology®” and
the Japanese Society for Cancer of the Colon and Rectum®®
include tumor budding. Based on these backgrounds, we aimed
to examine the glycolytic characteristics of the deepest part of
tumor and those of the cancer cells undergoing EMT in this
study.

According to the previous studies, the association between
HK?2 and RFS has not been clear and consistent results could
not be acquired yet.**** A possible explanation for this con-
troversy is that the samples analyzed in these studies might be
obtained from the superficial tissues of tumor. In considering
the role of HK2 in aerobic glycolysis in the invasive front
lesions of CRCs, where the cancer cells are usually located in
the deep parts of tumors and are stimulated to invade and
metastasize, the present study focused on samples from the
invasive front lesions of CRCs. The present study showed that
enhanced glucose uptake and glycolysis in the deeper parts of
the tumor was associated with tumor growth and invasion, as
shown by the data of lymph node metastasis samples. Thus, in
invasive fronts, our results suggest that cancer metabolism
may be reprogrammed and dominantly shifted toward active
glycolysis.

We also studied the expression of p-PDH. Considering that
p-PDH is involved in the OxPhos inhibition in the mitochon-
dria and contributes to the establishment of aerobic glycolysis,
it is possible that high p-PDH is associated with poor progno-
sis, Contrary to this original expectation, the present analysis
of the invasive fronts of CRCs showed that low p-PDH was
associated with poor prognosis, and evaluation of combined
expression of p-PDH and HK2 demonstrated a clear associa-
tion with patient prognosis. The results suggest that p-PDH
plays a unique role in the malignant behavior of CRCs. Inter-
estingly, recent studies have identified two subpopulations
of cancer cells that are distinct in their energy-generating
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pathways. " One subpopulation depends on anaerobic gly-
colysis and secretes massive lactate. The other subpopulation
can use lactate from upstream glycolysis in individual cells as
well as from surrounding cells, and therefore the metabolites
produced by the abovementioned subpopulation. The latter
subpopulation can use lactate as the energy source by employ-
ing OxPhos in the mitochondria.“® Also as suggested by our
in vitro experiments, we speculate that CRC cells perform
OxPhos in invasive front lesions. This hypothesis may be fur-
ther supported by the observations that the citric cycle gener-
ates reactive oxygen species by OxPhos, which promote EMT
and further cancer invasion.””” Assessment of combined
expression of HK2 and p-PDH may be useful for detecting
highly malignant CRC cells. Further investigation should be
performed via more detailed mechanistic studies of cancer
metabolism associated with invasion and budding to identify
more accurate predictors of patient prognosis and to regulate
cancer invasion and metastasis.

In conclusion, combined expression of HK2 and p-PDH, as
a novel cancer metabolomics-associated biomarker measure,
may be clinically useful- for predicting tumor aggressiveness
and survival in CRC.
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Fig. S3. Western blot analysis of extracts from HEK293 cell and three clinical samples of colorectal cancer using PDH-Ela antibody.

Fig. S4. Absorption test of HK2 antibody on pancreatic cancer (A) and colorectal cancer tissues (B-D). Scale bar, 100 um.
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Pyruvate kinase M2 (PKM2) is an alternatively spliced variant of
the pyruvate kinase gene that is preferentially expressed during
embryonic development and in cancer cells. PKM2 alters the final
rate-limiting step of glycolysis, resulting in the cancer-specific
Warburg effect (also referred to as aerobic glycolysis). Although
previous reports suggest that PKM2 functions in nonmetabolic
transcriptional regulation, its significance in cancer biology
remains elusive. Here we report that stimulation of epithelial-mes-
enchymal transition (EMT) results in the nuclear translocation of
PKM2 in colon cancer cells, which is pivotal in promoting EMT.
Immunoprecipitation and LC-electrospray ionized TOF MS analyses
revealed that EMT stimulation causes direct interaction of PKM2 in
the nucleus with TGF-f~induced factor homeobox 2 (TGIF2), a tran-
scriptional cofactor repressor of TGF-§ signaling. The binding of
PKM2 with TGIF2 recruits histone deacetylase 3 to the E-cadherin
promoter sequence, with subsequent deacetylation of histone
H3 and suppression of E-cadherin transcription. This previously
unidentified finding of the molecular interaction of PKM2 in the
nucleus sheds light on the significance of PKM2 expression in
cancer cells.

pyruvate kinase M2 | epithelial-mesenchymal transition |
colorectal cancer | invasion | transforming growth factor-p-induced
factor homeobox 2

Colorectal cancer (CRC) is the second most common cancer
in the world, with more than 1.2 million new cases and about
600,000 deaths annually (1). Cancerous cells exploit a cancer-
specific glycolytic system known as the Warburg effect (also re-
ferred to as aerobic glycolysis), which involves rapid glucose up-
take and preferential conversion to lactate, despite an abundance
of oxygen (2, 3). The precise mechanism underpinning aerobic
glycolysis was unclear for a long time. However, in 2008, pyruvate
kinase M2 (PKM2) gained attention when its expression was
shown to be required for the maintenance of aerobic glycolysis (4).
PKM2 is an altematively spliced variant of the PKM gene that
regulates the final rate-limiting step of glycolysis. PKM2 is
expressed during embryonic development, but it is generally not
expressed in most adult tissues. However, its counterpart, PKM1,
is exclusively expressed in adult tissues. PKM2 has been shown to
be reactivated in tumor development (5, 6). In cancer cells,
PKM?2 expression allows the diversion of glycolytic flux into the
pentose phosphate pathway associated with attenuated pyruvate
kinase activity, thereby meeting the biosynthetic demands for
rapid proliferation (3).

Investigations about the nuclear function of PKM2 arose after
elucidation of the PKM2 metabolic function. It was identified that
in cancer cells, PKM2 can translocate into the nucleus and func-
tion as a transcriptional cofactor in response to several extracel-
lular signals, including EGF and hypoxia, subsequently activating
CYCLIN D1, CMYC, or hypoxia-inducible factor 1o (HIF-1ar)

15526-15531 | PNAS | October 28,2014 | vol. 111 | no. 43

(7, 8). Particularly in the hypoxic condition, PKM2 interacts with
HIF-1a and participates in a positive feedback loop, thereby en-
hancing HIF-lo transactivation and reprogramming glucose
metabolism by regulating the expression of glycolysis-associated
enzymes (8). This finding suggested that the PKM2 nuclear
function may operate upstream of metabolic regulation and that
the resultant metabolic reprogramming and oncogene activation
by PKM2 work cooperatively to promote cancer cell pro-
liferation and tumor growth.

In addition to proliferation maintenance and growth sup-
pression prevention, invasion and metastasis have also been
targeted as hallmarks of cancer (9). In the invasion process,
cancer cells acquire the ability to dissociate from the bulk of the
tumor and to migrate into the surrounding stroma, which is
regulated by epithelial-mesenchymal transition (EMT) (9, 10).
During EMT, cancer cells lose their cell-to-cell contacts by

e

enting cancer metastasis.
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inhibiting epithelial cadherin (E-cadherin; encoded by CDHI)
expression and acquiring mesenchymal markers. This process is
physiologically important during embryogenesis and is required
for in utero development. Given that PKM2 expression and
EMT are common to both tumorigenesis and development, PKM2
may affect EMT within cancer cells. However, the significance of
PKM?2 during EMT or invasion is yet to be investigated.

In the present study, we demonstrate that PKM2 translocates
into the nucleus during EMT and acts as a transcription cofactor
that inhibits CDHI expression. PKM2 interacts with TGF-
p-induced factor homeobox 2 (TGIF2), which recruits histone
deacetylase 3 (HDACS3) to the promoter sequence of E-cadherin,
thereby promoting histone H3 lysine 9 (H3K9) deacetylation and
CDH] expression down-regulation.

Results

EMT Induction Elicits Nuclear Translocation of PKM2. For the in-
duction of EMT, we cultured colon cancer cells in a medium with
TGF-p1 and EGF, as described previously (Fig. 14) (11-14). The
SW480 cells changed morphology from epithelial to fibroblastic-
like and spindle-shaped in a time-dependent manner (Fig. 1B).
Consistent with this observation, CDH] transcript expression
was suppressed, whereas the expression levels of the vimentin
(VIM), zinc finger e-box binding homeobox 1 (ZEBI), and snail
family zinc finger 2 (SNAI2) genes were increased (Fig. 1C). PK
gene expression was induced in the EMT condition, with pref-
erential expression of PKM2 compared with PKM1 (Fig. 1D).
Western blot analysis indicated that the induction of EMT
resulted in decreased CDHI expression, increased VIM expres-
sion, and up-regulated PKM2 (Fig. 1F). We confirmed that the
expression and secretion of endogenous TGF-B1 was minimal in
SW480 (Fig. S1 A and B).

To determine the intracellular localization of proteins, cyto-
plasmic and nuclear fractions were separated from the EMT-
induced cells and Western blot analysis was performed. The data
indicated that, although the EMT condition stimulated an in-
crease in cytoplasmic PKM2, nuclear PKM2 was augmented
compared with levels in the pre-EMT state (Fig. 1F). Immu-
nocytochemistry and immunofluorescence intensity quantifica-
tion confirmed the increase in nuclear PKM2 (Fig. S2 A-D). In
addition, we confirmed that nuclear PKM2 was also increased in
HCT116 cells under the same EMT condition (Fig. S2E) and
that the expression of EMT markers was increased in murine
Pkm2 knock-in, compared with Pkml knock-in, mesencymal
cells, as well as other human cancer cells (Fig. S1 C and D).

Previous studies showed that EGF stimulation increased nu-
clear PKM2 (7) and indicated that cytoplasmic PKM2 functions
with tetramer formation, whereas nuclear PKM?2 functions with
dimer formation. Given that the large hydrophobic hole at the
nucleotide binding site is buried in tetrameric PKM?2 structure,
which becomes accessible in dimer form (15), the dimer forma-
tion may provide a protein binding ability. We studied the status
of PKM2 during EMT and found that simultaneous stimulation
by TGF-$1 and EGF, in comparison with either alone, resulted
in increased expression of an ~120-kDa complex, corresponding
to dimeric PKM2 (Fig. 1G and Fig. S3). The present study demon-
strated that PKM2 nuclear translocation was stimulated in the EMT
condition, suggesting a unique function of PKM2 in the nucleus.

PKM2 Expression Is Required to Induce EMT. To investigate the
causative role of PKM2 in EMT induction, we cultured cells with
endogenous PKM?2 inhibition by small interfering RNA (siRNA)
knockdown (KD) under EMT conditions. We used the siRNA
targeting system, which reportedly inhibits PKIM2 without any off-
target effects on other genes (16), and the results indicate that the
most effective siRNA sequence could inhibit transcriptional and
translational levels of PKM2, whereas those of PKM1 were in-
creased (Fig. S4 A and B). PKM2 KD failed to induce spindle-
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Fig. 1. PKM2 translocates into the nucleus during EMT. (4) Schematic repre-
sentation of the procedure for EMT induction. The cells incubated for 48 h after
seeding are defined as pre-EMT, and the cells cultured with 2.5 ng/mL TGF-§1
and 10 ng/mL EGF are defined as post-EMT. (B) Photomicrographs of the
morphological change in SW480 cells. The cells were stained using the Diff-Quik
Kit (Sysmex Corp.). The number of hours indicates the period since EMT in-
duction was initiated. (Scale bar, 100 pm.) (C) Relative transcript (mRNA) levels
of CDH1, VIM, ZEB1, and SNAI2 after induction of EMT for 0, 48, and 96 h. The
values at 0 h (pre-EMT) have been normalized to 1, and the data are expressed
as fold. (D) Relative mRNA levels of PKM1, PKM2, and pyruvate kinase (total PK)
after induction of EMT for 0, 48, and 96 h. () Western blot assays of E-cadherin,
vimentin, and PKM2 expression in pre-EMT and post-EMT cells. Post-EMT cells
were harvested at 72 h. (F) Western blot assays of PKM1, PKM2, a-tubulin, and
histone H3 in nuclear and cytoplasmic lysates prepared from SW480 cells. With
normalization to cytoplasmic tubulin or nudlear histone H3 blots, the relative
intensities of PKM2 blots are shown in comparison with those in the pre-EMT
condition. (G) SW480 cells were treated with dimethyl suberimidate for 30-60
min, immediately followed by whole cell lysis. The monomer and dimer states
of PKM2 were analyzed by Western blot assay. Columns represent the average
of at least three independent experiments; error bars represent the SD of the
mean from triplicate results. *P < 0.05.

shaped morphological changes under EMT conditions (Fig. 24).
Expression analysis indicated that PKM2 KD prevented CDHI
down-regulation, although VIM expression persisted (Fig. 2B),
suggesting a role for PKM2 in CDHI transcription. Fifty percent
reductions in glucose or glutamine in the medium did not have
significant effects on EMT marker expression (Fig. S54), sug-
gesting distinct effects on EMT and metabolism.

Western blot analysis indicated that PKM2 KD hindered
CDH]I loss and VIM gain compared with the control (Fig. 2C).
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Fig. 2. PKMR is required for EMT induction. (A) Phase-contrast photomicro-
graphs of SWA480 cells transfected with siControl or siPKM2 after EMT induction
for 48 h. (B) Relative transcript (mRNA) levels of CDHT and VIM after EMT in-
duction in cells transfected with siControl or siPKM2 for 48 h. (C) Western blot
assays of E-cadherin, vimentin, PKM2, and p-actin expression in pre-EMT and
post-EMT cells. Post-EMT cell samples were harvested at 72 h. With normali-
zation to p-actin as a control, the relative intensities of E-cadherin and vimentin
are shown in comparison with those in the control pre-EMT condition. Note
that siPKM2 knockdown works efficiently in post-EMT cells. (D) Invasive be-
havior of SW480 cells treated with siControl or siPKM2. (£) Schematic procedure
for establishing PKM1 OE or PKM2 OE SwW480 cells. (F) Western blot assays of
PKM1, PKM2, and p-actin expression in WT SWA480 cells, cells stably expressing
shRNA constructs targeting pyruvate kinase (shPK), and shPK cells over-
expressing either PKM1 or PKM2 constructs. (G) Relative mRNA levels of CDHT,
VIM, and ZEB1 after EMT induction in PKM1 OE or PKM2 OE SW480 cells for 72
h. (H) Western blot assays of E-cadherin, vimentin, and p-actin expression in
PKM1 OE and PKM2 OE cells. Post-EMT cell samples were harvested at 72 h.
Column values = average of at least three independent experiments; error bars
represent SD from the mean of triplicate experiments. *P < 0.05.

Inhibition of EMT by PKM2 KD resulted in a significant re-
duction in in vitro cellular invasiveness (Fig. 2D). The assessment
of mothers against decapentaplegic homolog 2 (SMADZ2) and
ERK, which are downstream effectors of TGF-f1 and EGF
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signaling, indicated that PKM2 KD disturbed the phosphoryla-
tion process (Fig. S5B).

To minimize the effect of an alternative exon and to focus on
the function of PKM?2 in the nucleus, we established PKM1- and
PKM2-overexpressing (OE) cell lines (PKM1 and PKM2 OFE in
Fig. 2E). In brief, we transfected the cells with a small hairpin
RNA (shRNA) vector targeting the common region in PK and
then introduced an overexpression vector of PKM1 or PKM2
cDNA without a complementary sequence to the shRNA (Fig.
2F). We cultured the established cells in EMT-inducing con-
ditions. The results demonstrated a greater decrease in CDHI
expression and greater increase in VIM and ZEBI expression in
PKM2 OE cells compared with that in PKM1 OE cells (Fig. 2G
and Fig. S4C). Consistent results were obtained by Western blot
analysis (Fig. 2H). These results indicate that PKM?2 expression
is necessary for EMT induction.

Nuclear PKM2 Binds to TGIF2 and Represses CHD1 Expression. Nu-
clear PKM2 reportedly binds to and phosphorylates STAT3
through its function as a protein kinase (15). The observation
that nuclear PKM2 increased during EMT led us to consider the
possibility that PKM2 may interact with other transcription fac-
tors. To validate this hypothesis, fractions pulled-down with the
PKM?2 antibody were subjected to LC-electrospray ionized TOF
MS analyses. The result showed that nuclear PKM2 was coim-
munoprecipitated with TGIF2 and that this binding was detect-
able when both EGF and TGFp1 were added to the culture (Fig.
3A). These findings were confirmed by immunoprecipitation,
followed by Western blot analysis (Fig. 38). The EMT stimula-
tion resulted in the significant increase of TGIF2 expression
(Fig. S64). TGIF2 KD did not show significant alterations of
PKM2 expression regardless of EMT induction (Fig. 3E and Fig.
S6B). We could not detect an association of PKM1 with TGIF2
in the nucleus (Fig. $74), which further supports the cytoplasmic
localization of PKM1 (Fig. 1F).

Melhuish et al. (17) revealed that TGIF2 is a transcriptional
repressor that suppresses TGF-p-responsive gene expression by
binding to TGF-p-activated SMADs. First, we performed TGIF2
KD, followed by EMT induction (Fig. 3C and Fig. S6B). TGIF2
KD enhanced the decrease in both the transcriptional and the
translational levels of CDHI expression (Fig. 3 D and E). To
analyze the difference in the effect of TGIF2Z KD in cells
expressing either PKM1 or PKM2, we performed TGIF2 KD on
PKM1 OE and PKM2 OE cells, followed by EMT induction.
Interestingly, the decrease in CDHI expression and increase in
VIM expression were similar at the transcriptional and trans-
lational levels after EMT induction in both cell lines (Fig. 3 F
and G). These results indicate that the augmented sensitivity to
EMT induction in PKM2 OE cells is abrogated under TGIF2
suppression. These data further suggest that nuclear PKM?2
responds to EMT stimulation and interacts with TGIF2 to me-
diate EMT induction downstream of PKM2.

PKM2 and TGIF2 Recruit HDAC3 to the CDHT Promoter to Repress
Transcription. TGIF2 is a transcriptional factor that regulates
TGF-p signal transduction (17). Based on the above findings, we
hypothesized that TGIF2 could bind to the CDHI promoter and
activate CDHI expression in the epithelial state. To examine this
hypothesis, we performed a ChIP quantitative PCR (qPCR)
assay using two sets of primers located in the CDHI promoter
sequence region (Fig. 44). We found depressed binding of
TGIF2 to the CDHI promoter region during EMT (Fig. 4B).
TGIF2 can control transcription by recruiting HDAC in re-
sponse to TGF-p signaling (17) and PKM?2 can associate with
HDACS3 in the nucleus (7). To investigate whether TGIF2 can
bind to HDAC3 during EMT, we performed immunoprecipitation
followed by Western blot analysis and found an association be-
tween TGIF2 and HDAC3 under EMT induction (Fig. 4C and
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Fig. 3. Interaction between nuclear PKM2 and TGIF2 mediates EMT in-
duction. (A) Polyacrylamide gel electrophoresis of proteins immunopreci-
pitated with anti-PKM2 antibody in the nucleic lysate of cells cultured
under normal conditions, with EGF alone, or with TGF-B1 and EGF. The
band detected in samples of cells stimulated with TGF-p1 and EGF was
excised and analyzed by MS. (B) Western blot assays of immunoprecipi-
tated samples of nucleic lysates with anti-PKM2 or anti-TGIF2 antibody.
Samples were harvested after the cells were treated as indicated for 72 h.
(C) Western blot assays of TGIF2 and p-actin expression in cells transfected
with siControl or siTGIF2. (D) Relative transcript (mRNA) levels of CDH7,
VIM, and ZEB1 after induction of EMT in cells transfected with siControl or
siTGIF2 for 72 h. (F) Western blot analysis of TGIF2, E-cadherin, PKM2, and
B-actin expression in pre-EMT and post-EMT cells transfected with siCon-
trol or siTGIF2. Post-EMT samples were harvested at 72 h, when siRNA
inhibition was profound. (F) Relative mRNA levels of CDH1 and VIM after
EMT induction in PKM1 OE and PKM2 OE cells. Post-EMT samples were
harvested at 72 h. (G) Western blot analysis of E-cadherin and p-actin after
EMT induction in PKM1 OE and PKM2 OE cells transfected with siTGIF2.
Post-EMT samples were harvested at 72 h. Column values = average of at
least three independent experiments; error bars represent SD from the
mean of triplicate experiments. *P < 0.05.

Figs. S7B and S8). To examine the acetylation status of histone
H3 in the CDHI promoter region, we performed ChIP qPCR and
found that binding of acetylated H3K9 to the CDHI pro-
moter was decreased under EMT conditions (Fig. 4D). Fur-
thermore, to understand how the PKM2-TGIF2-HDAC3
complex can bind to the CDHI promoter, additional ChIP qPCR
analysis was performed. The data indicated that similar to the
binding of TGIF2, the binding of PKM2 and HDACS3 to the
CDH]I promoter was reduced during EMT (Fig. S9 4 and B).
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Given that the TGIF2 protein bound to PKM2 and HDAC3
during EMT (Figs. 3B and 4C and Fig. S7B), the present study
demonstrates that nuclear PKM2 plays a role in the TGIF2-
dependent control of CHD1 expression and that EGF induces
formation of the PKM2-TGIF2-HDAC3 complex, followed by
histone deacetylation, thus resulting in suppressed CDHI ex-
pression. TGF-B1 may modulate the association of this complex,
although H3K9 was deacetylated (Fig. 5D).

PKM2 Expression in the Deepest Tumor Regions Correlated with CRC
Metastasis. To investigate the clinical significance of PKM?2 ex-
pression in cancer metastasis, we immunohistochemically ana-
lyzed clinical CRC samples. Staining was assessed in the deepest
tumor regions where the CRC invasion begins (18, 19). The
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Fig. 4. TGIF2 binds to the CDH promoter and recruits HDAC3 during EMT.
(A) Schematic diagram showing the positions of two sets of primers designed
to cover the promoter region of the CDH7 gene. (B) ChIP assays were per-
formed with IgG and anti-TGIF2 antibody, followed by gPCR (mean + SD, n =
3). ChiP samples were harvested from the nucleic lysate of SW480 cells
treated as indicated for 72 h. (C) Western blot assays of immunoprecipitated
samples of nucleic lysate with anti-TGIF2 antibody. Each sample was har-
vested after the cells were treated as indicated for 72 h. (D) ChIP assays were
performed with IgG and anti-acetylated H3K9 antibody, followed by qPCR
(mean + SD, n = 3). ChiP samples were harvested from the nucleic lysate of
SW480 cells treated as indicated for 72 h. Column values = average of at
least three independent experiments; error bars represent SD from the mean
of triplicate experiments. *P < 0.05.
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Fig. 5. The immunohistochemistry. (4) Staining at the invasive front, showing
an inverse correlation between PKM2, E-cadherin, and TGIF2 expression. (Scale
bar, 100 pm.) (B) The representative cases are shown for staining for PKM2,
TGIF2, and E-cadherin. Invasive fronts of tumors were stained by anti-PKM2,
anti-E-cadherin, and anti-TGIF2 antibodies, and the intensities were assigned to
positive and negative groups. With regard to TGIF2 staining, under the micro-
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and 10 negative cases for cellular PKM2 were examined for nuclear TGIF2 and .

membranous E-cadherin. (D) Theoretical mode! illustrating the functional roles
of PKM2 and TGIF2 in regulating CDHT transcription during EMT.

PKM?2 staining intensities were assigned to positive and negative
groups (Fig. 5 A-C). The correlations between PKM2 expression
and clinicopathological factors are summarized in Table S1.
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PKM2-positive staining was significantly correlated with metastasis
to lymph nodes and distant organs. To further understand the
clinical significance of PKM2 in CRC, we analyzed the GSE17536
database of the gene expression array and patient prognosis. To
study the specific effect of PKM2 in the array database, we analyzed
expression of both PK and its splicing factor hnRNPA2, because
hnRNPA2 stimulates the splicing to PKM2 (20, 21). As expected,
cases with high PK and high hnRNPA2 expression showed a poorer
prognosis than other groups; the difference in prognosis was ap-
parent in stages III and IV with metastasis (Fig. S10 4 and B). The
data confirmed that PKIM2 can enhance the ability of cancer cells to
metastasize in primary cancer tissues.

Discussion

In the present study, we demonstrated that nuclear PKM2
interacts with TGIF2 during EMT, which is pivotal in promoting
the transition into the mesenchymal cancer cell phenotype.
Consequently, we propose a model for the nuclear PKM2
function in response to EMT stimulation (Fig. 5D). Under epi-
thelial conditions, histone H3 is acetylated on the CDHI pro-
moter region and CDHI is transcribed where TGIF2 should
serve as an active transcription factor. Once the EMT signal
stimulates transformation of the cancer cell, a PKM2 fraction
enters the nucleus and associates with TGIF2. We assume that
this association will alter the conformation of TGIF2 or its as-
sociated complexes, effectively loosening the binding between
TGIF2 and the CDHI promoter sequence to allow the re-
cruitment of HDAC3 and subsequent histone H3 deacetylation.
CDH] expression is suppressed as a consequence of the down-
regulated promoter activity. In this context, nuclear PKM2 serves
as a transcriptional cofactor regulating TGIF2 behavior.

Few reports have investigated the significance of TGIF2 in
cancer. In ovarian cancer, TGIF2 is reportedly amplified and
overexpressed (22), whereas a comparison between colorectal ad-
enoma and colorectal carcinoma revealed that TGIF2 expression is
increased only in the latter (23). Further, TGIF2 has been shown to
interact with TGF-p-activated SMADs and be able to repress the
activation of TGF-p-responsive transcription (17). The present
study demonstrated that TGIF2 affects CDHI expression through
the regulation of promoter activity in which TGIF2 is supposed to
function as an activating transcription factor.

TGF-p1 is a multifunctional cytokine that has dual and op-
posing roles in controlling cell fate. In the early stages of cancer,
TGF-p1 induces growth arrest and apoptosis, exerting tumor-
suppressive effects, whereas in later stages, TGF-p1 enhances tu-
mor progression by provoking a variety of malignancy-related
responses, including EMT (24-26). This paradox remains un-
solved despite numerous studies addressing the issue. However,
based on the results in the present study, we propose that the
interaction between PKM2 and TGIF2 may offer a plausible ex-
planation. In normal cells, PK expression is exclusively shifted to
PKM1, but on TGF-p signaling, TGIF2 can suppress transcription
downstream of the SMAD signal. Conversely, in cancer cells
abundantly expressing PKM2, PKM2 translocates and is bound to
TGIF2 in the nucleus, thereby reversing TGF-p signal trans-
duction. Further investigation is necessary to determine the
significance of TGIF2 expression and the precise mechanism
underlying this interaction.

Nuclear PKM?2 forms a dimer and functions as a protein ki-
nase, whereas cytoplasmic PKM?2 forms a tetramer and func-
tions as a pyruvate kinase (15). In the present study, the dimeric
form of PKM?2 was increased, suggesting that the protein kinase
activity of PKM2 is enhanced during EMT. PKM2 translo-
cates into the nucleus in response to variable signals, of which,
the EGF-ERK pathway is the most investigated (7, 27). In-
terestingly, TGIF2 is phosphorylated in response to EGF sig-
naling (17). Given that EGF induces nuclear translocation of
PKM2, PKM?2 may function as a dimeric protein kinase in the
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nucleus, phosphorylating TGIF2. However, the phosphorylation
status of TGIF2 was not addressed in our study. Gao et al. (15)
demonstrated that PKM2 interacts with STAT3 to control
downstream gene expression in SW480 cells. Thus, it is con-
ceivable that the molecular interaction of PKM?2 is highly con-
text dependent, with cell fate determined by how nuclear PKM?2
regulates gene expression.

PKM2 has both metabolic and nonmetabolic functions, which
are essential in the cytoplasm and nucleus, respectively. In-
creasing evidence has suggested that nuclear PKM2 binds to
numerous transcriptional factors, thereby conferring cells with
advanced malignant potential. The present study determined
that PKM2 significantly influences EMT induction by modulat-
ing CDHI expression, thus providing a molecular basis for EMT
acquisition. Future cancer treatments may be able to target the
inhibition of nuclear PKM2.
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Methods

Cell Lines and Culture. The human colorectal cancer cell lines, SW480 and HCT116,
were obtained from ATCC, and CaR-1 was obtained from JCRB. These cell lines
were grown in DMEM (Sigma-Aldrich) supplemented with 10% (volivol) FBS
(Thermo Fisher Scientific), 100 U/mL penicillin, and 100 U/mL streptomycin (Life
Technologies) and grown at 37 °C in a humidified incubator with 5% CO,.

EMT Induction. Cells were seeded at a concentration of 5.0 x 10* cells/mL and
incubated in a humidified atmosphere (37 °C and 5% CO3) in standard me-
dium for 48 h, after which they were treated with TGF-p1 (2.5 ng/mL; Sigma-
Aldrich). Next, they were incubated with MEM supplemented with 10 ng/mL
FBS-free EGF (Sigma-Aldrich), 100x insulin-transferring selenium (ITS; Life
Technologies), and 50 nmol/L hydrocortisone (Tokyo Kasei) for 48-96 h.
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Antibody-mediated therapies including antibody-drug conjugates (ADCs) have shown much potential in
cancer treatment by tumor-targeted delivery of cytotoxic drugs. However, there is a limitation of pay-
loads that can be delivered by ADCs. Integration of antibodies to drug-loaded nanocarriers broadens the
applicability of antibodies to a wide range of therapeutics. Herein, we developed antibody fragment-
installed polymeric micelles via maleimide-thiol conjugation for selectively delivering platinum drugs

geyw‘ilrdlsf to pancreatic tumors. By tailoring the surface density of maleimide on the micelles, one tissue factor (TF)-
m‘;‘;ignu;“’ery targeting Fab' was conjugated to each carrier, Fab'-installed platinum-loaded micelles exhibited more
Micelle than 15-fold increased cellular binding within 1 h and rapid cellular internalization compared to non-
Nanoparticle targeted micelles, leading to superic?r in vitro cytotoxicity. In vivo, Fab'-installed micelles significantly
Chemotherapy suppressed the growth of pancreatic tumor xenografts for more than 40 days, outperforming non-

targeted micelles and free drugs. These results indicate the potential of Fab'-installed polymeric mi-

celles for efficient drug delivery to solid tumors.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Antibody-drug conjugates (ADCs) are attracting much interest
in cancer therapy [1,2] due to the improvement of therapeutic ef-
ficacies by selectively delivering anticancer drugs to cancer cells
compared to conventional chemotherapies. The development of
ADCs has been one of the most active areas in recent years, and as
much as thirty ADCs have entered clinical evaluation in 2013 for the
treatment of solid tumors and leukemia [3]. Nevertheless, a major
challenge in the development of ADCs is the limited amounts of
drugs that can be delivered by a single antibody, as overloading
may reduce the binding affinity of the antibody or affect the
pharmacokinetics [4,5]. Thus, 2 to 4 cytotoxins per antibody are
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generally introduced in an ADC for accomplishing effective thera-
peutic responses without compromising the affinity of the antibody
[6,7]. Consequently, the drugs conjugated to the antibody must be
highly cytotoxic, such as auristatins {8,9], maytansines [10,11] and
calicheamicins [12], which are 100—-1000 times higher than typical
anticancer drugs, for exerting enough efficacy, although there are
growing concerns over side effects from decomposition of ADC
under physiological conditions [13,14]. However, these obstacles of
ADCs may be overcome by integrating antibodies to drug-loaded
nanocarriers, which are capable of delivering a significantly
higher amount than ADCs {15].

Among long-circulating nanocarriers with improved tumor
extravasation and penetration, polymeric micelles offer substantial
benefits as platform nanocarriers for conjugating antibodies.
Polymeric micelles present high and versatile loading of bioactive
molecules and their controlled release, and show prolonged blood
circulation (stealth property) due to their surface coverage by
biocompatible PEG strands | 16—19]. Besides the relative small size
of micelles ranging from 10 to 100 nm, they exhibit enhanced
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tumor accumulation by the enhanced permeability and retention
(EPR) effect through leaky vasculatures and impaired lymphatic
drainage in solid tumors [20,21]. To date, a few antibody-
conjugated micelles (immunomicelles) were reported for specific
delivery of drugs in cancer therapy. One of the earliest immuno-
micelles were paclitaxel-loaded lipid-micelles conjugating
nucleosome-targeting 2C5 antibody on their surface for specific
targeting of breast adenocarcinoma and Lewis lung carcinoma
122,23]. Recently, epidermal growth factor receptor (EGFR)-tar-

~geting [24] and HER-2-targeting immunomicelles incorporating
doxorubicin [25], and hypoxia inducible factor 1 (HIF-1)-targeting
paclitaxel-loaded immunomicelles {26] have shown enhanced ef-
ficacy toward antigen-overexpressing cancer cells, indicating the
high potential of immunomicelles in targeted cancer therapy.
However, no immunomicelle has proceeded to clinical evaluation
so far. Therefore, using micellar platform with high potential for
clinical translation should facilitate the development of anticancer
therapies based on immunomicelle.

Herein, we introduced the antibody fragments to polymeric
micelles incorporating an active complex of oxaliplatin, (1,2-
diaminocyclohexane)platinum(Il) (DACHPt) (DACHPt/m), which
have shown strong therapeutic activity against several cancer
models and are being evaluated in phase I clinical studies [27].
DACHPt/m are self-assembled by the polymer-metal complex for-
mation between the carboxylates of poly(glutamic acid) of poly(-
ethylene glycol)-b-poly(glutamic acid) (PEG-b-P(Glu)) copolymers
and the platinum drug [28]. The release of the incorporated DACHPt
from the micelles is triggered by the ligand exchange of Pt(Il) from
the carboxylates in the block copolymer to chloride ions in the
media, and is further accelerated at low pH conditions [29].
Accordingly, DACHPt/m stably circulate in the bloodstream in
micelle form with minimal drug release, and after accumulating in
tumor tissues and being endocytosed by cancer cells, the drug
release from DACHPt/m is accelerated due the low pH and high
chloride ion concentration of late endosomes/lysosomes. By
conjugating antibody fragments to DACHPt/m, DACHPt/m could
improve the efficacy of the loaded platinum drugs by enhanced
delivery to tumor cells and effective intracellular drug release. In
this regards, we may maximize therapeutic effects through
antibody-antigen recognition and cellular uptake. As an antibody,
we selected our recently developed anti-tissue factor (TF) antibody
(clone 1849), which can target TF overexpressed on the surface of
cancer cells, such as human pancreatic, colorectal, breast and lung
cancers [30—32], as well as tumor associated monocytes and
endothelial cells [31,33]. In fact, this anti-TF antibody demonstrated
efficient targeting abilities including inhibition of the invasion and
metastasis [34]. Accordingly, the development of these anti-human
TF-antibody Fab' fragment-conjugated DACHPt/m (anti-TF Fab'-
DACHPt/m) was studied in detail to determine their potential as a
versatile target antigen for tumor-selective drug delivery. These
immunomicelles were further evaluated against a tumor model of
pancreatic cancer, because it is one of the most challenging models
for drug delivery [35,36] and the application of antibody-antigen
systems to polymeric micelles may positively impact on its clin-
ical treatment. Our results highlight the potential of this approach
for constructing Fab'-installed polymeric micelles for efficient drug
delivery to tumors.

2. Materials and methods
2.1. Materials

o-Methoxy-w-amino poly(ethylene glycol) (MeO-PEG-NHy; Mp: 12,000), N-
carboxyl anhydride of y-Benzyl-i-glutamate (NCA-BLG) were purchased from NOF
Co., Inc. (Tokyo, Japan) and Chuo Kaseihin Co., Inc. (Tokyo, Japan), respectively.
Dimethy! formamide (DMF), dimethy! sulfoxide (DMSO), dithiothreitol (DTT), N-(4-
Maleimidobutyryloxy)-sulfosuccinimide, sodium salt (Sulfo-GMBS), sodium sulfate

decahydrate (Na2S04-10H20), oxaliplatin and phosphate buffered saline (PBS) were
obtained from Wako Pure Chemical Co., Inc. (Osaka, Japan). MeO-PEG-b-P(Glu) was
synthesized as previously described synthetic method [283). MeO—PEG-b-P(GIu);
yield = 97%, the degree of polymerization of the P(Glu) (DPpgluy) = 40, Mq,
NMR = 18,000, 'H NMR (400 MHz, D,0): § (ppm) = 1.70-2.55 (~CHa—CHa—~P(Glu)
side chain), 3.30 (—0—CHj), 3.45—3.85 (—~CH,—CH>—0~PEG backbone), 4.20—4.40
(—CH—P(Glu) backbone). Mal-PEG-b-P(Glu) was synthesized based on our previ-
ously reported method |37). Mal-PEG-b-P(Glu); yield = 94%, DPp(cyy) = 40, TH NMR
(400 MHz, D30): 4 (ppm) = 170-2.65 (—CHo—CHo—P(Glu) side chain), 3.35
(—(CHz)3—~CO-NH~CH>—), 3.50-3.92 (—CH>~CH>—0~PEG backbone), 4.12-4.46
(~CH—P(Glu) backbone), 6.85 (—CH=CH— maleimide group). Dichloro(1,2-
diaminocyclohexane)platinum(ll) (DACHPtCl;) was purchased from Heraeus
(Hanau, Germany). AgNO3 was purchased from Aldrich Chemical Co., Inc. (Mil-
waukee, WI). BCA protein assay reagent was purchased from Pierce Chemical Co.,
Inc, (Rockford, IL). Alexa Fluor 647-succinimidyl esters, Alexa Fluor 488-TFP ester,
Hoechst 33342, and LysoTracker Green were purchased from Invitrogen Molecular
Probes (Eugene, OR). Rhodamine 6G was purchased from Sigma—Aldrich Co,, Inc. (St.
Louis, MO). Anti-human tissue factor antibody (1849¢, F(ab");) and anti-mouse tissue
factor antibody (1157c, F(ab');) were purchased from ITM Co., Ltd. (Nagano, Japan).
Fetal bovine serum (FBS) was purchased from Dainippon Sumitomo Pharma Co., Ltd.
(Osaka, Japan). Cell Counting Kit-8 was obtained from Dojindo Laboratories
(Kumarnoto, Japan),

2.2. Cell lines and animals

Human pancreatic cancer BXPC3 cells were obtained from American Type Cul-
ture Collection (Manassas, VA). The BXPC3 cells were maintained in RPMI 1640
medium (Sigma Chemical Co., Inc,, St. Louis, MO) supplemented with 10% (v/v) FBS,
1% penicillin/streptomycin in a humidified atmosphere containing 5% CO, at 37 °C,
BALB/c nu/nu mice (18—20 g body weight; female; age, 6 weeks) were purchased
from Charles River Japan (Kanagawa, Japan). All animal experiments were per-
formed in accordance with the Guidelines for the Care and Use of Laboratory Ani-
mals as stated by the University of Tokyo.

2.3. Preparation of antibody fragment Fab' with thiols

To obtain Fab' fragment having thiol residues, F(ab'), fragments of anti-human
TF antibody (0.5 mg/mL) were stirred with different concentrations of DIT from
0.5 pm to 5 mm for 30 min at 37 °C. The crude product was purified by ultrafiltration 4
times (MWCO: 30,000). The purity of Fab' fragment was confirmed by aqueous
phase GPC (JASCO HPLC system, Easton, MD), which equipped with UV detector and
a Superdex™ 200 10/300 GL column (GE healthcare, Ltd., Buckinghamshire, UK),
with eluent of 10 mm phosphate buffer (pH 7.4) containing 150 mm Nacl at a flow
rate of 0.75 mL/min at room temperature. For the fluorescence-labeling, anti-human
TF F(ab")2 (1 mg/mL) was combined with Alexa Fluor 488 in 1m NaHCO;3 solution at
room temperature. After 1 h stirring, the Alexa 488-labeled F(ab'); was separated
from non-conjugated free Alexa dye by PD-10 columnn. The labeled F(ab"), was then
treated by DTT in the same manner as explained in above to afford Alexa 488-labeled
anti-TF Fab' fragment having thiol residues.

24. Preparation and characterization of maleimide-functionalized DACHPt-loaded
micelles (Mal-DACHPt/m)

MeO-PEG-b-P(Glu) and Mal-PEG-b-P(Glu) (total [Glu] = 5 mm) were mixed with
DACHPY(NO3)Cl (5 mm) in distilled water at 37 °C, for preparation of 50% Mal-
DACHPt/m [MeO-PEG-b-P(Glu)}/[Mal-PEG-b-P(Glu)] = 1.0/1.0 (mol/mol)] and 20%
Mal-DACHPt/m [4.0/1.0 (mol/mol)]. The obtained micelles were purified by dialysis
(Spectra/Pro 6 Membrane: MWCO: 6-8,000), followed by ultrafiltration (MWCO:
30,000) to afford Mal-DACHPt/m. The size and distribution of both Mal-DACHPt/m
were estimated by dynamic light scattering (DLS: Malvern Instruments Ltd., UK, at
532 nm, 25 °C) measurement, The content of Pt in the micelles was measured by the
inductively coupled plasma mass spectrometry (ICP-MS: Agilent 7700 series ICP-MS,
Agilent Technologies, Inc., Santa Clara, CA). The association degree of Pt and car-
boxylic acid in P(Glu) was calculated by the Pt contents and freeze-dried weight of
the micelles, Alexa 647-1abeled Mal-DACHPt/m were obtained by using Alexa Fluor
647-labeled MeO-PEG-b-P(Glu) [37].

2.5, Preparation and characterization of antibody fragment-conjugated micelles

Anti-TF Fab' was conjugated to 50% Mal-DACHPt/m or 20% Mal-DACHPt/m by
incubation at room temperature overnight to afford immunomicelles. Before the
conjugation reaction, the concentration of antibody was determined by BCA protein
assay kit with anti-TF Fab' antibody as the standard, The feed ratio between mal-
eimide groups of Mal-DACHPt/m and anti-TF Fab’ was 17.0/1.0 {mol/mol) for prep-
aration of 50% Mal-DACHPt/m and 6.8/1.0 (mol/mol) for that of 20% Mal-DACHPt/m.
The conjugation of antibody fragments to Mal-DACHPt/m was confirmed with
fluorescence correlation spectroscopy using a Zeiss LSM 510 META equipped with
FCS setup ConfoCor 3 (Carl Zeiss, Germany). The fluorescence of Alexa 488-labeled
Fab' fragments was detected with a 488 nm Argon laser for excitation and a
530 nm band-pass filter for emission before and after the conjugation with non-
fluorescence labeled 20% Mal-DACHPt/m or 50% Mal-DACHPt/m. After the
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measurement, the diffusion time of Fab' fragments and immunomicelles were
calculated from the autocorrelation curves, Diffusion coefficient was then calculated
based on the diffusion times of micelles and Rhodamine 6G as standard fluorescence
molecule.

2.6, In vitro evaluation of anti-TF Fab-DACHPt/m by flow cytometry

Alexa’ 647 fluorescence-labeled anti-TF Fab-DACHPt/m or DACHPt/m were
added to BxPC3 cells (1 x 10° cells in 100 ul medium) and incubated at4°Cfor 1
without light exposure, Cells were washed four times with fresh medium to remove
unbound micelles, resuspended in PBS and the mean fluorescence intensities were
measured by flow cytometry (Becton Dickinson LSR I} and analyzed by BD FACSDiVa
software. During the measurement, 10,000 events were counted per each sample,
For the competition assay, the 10-fold excess of free anti-human TF F(ab'); fragments
were co-incubated with Alexa 647-labeled anti-TF Fab~DACHPt/m with BxPC3 cells,
and the experiment was carried out as described above.

2.7, Assessment of cellular uptake by confocal laser scanning microscopy (CLSM)

The fluorescence intensity of micelles was adjusted to equal intensity by Nano-
drop 3300 (RFU = 8,000). Alexa 647-labeled DACHPt/m or anti-TF Fab-DACHPt/m
were added to BxPC3 cells (1.6 » 10% cells in 200 pl medium) in Lab-Tek 8-well
chambered coverglass (Thermo, Rochester, NY), After determined time periods, the
cells were washed twice with fresh medium, stained with Hoechst 33342, and
imaged with CLSM using a Zeiss LSM 780 (Carl Zeiss, Germany). The fluorescence was
quantified by measuring the mean pixel intensities from Alexa 647-labeled micelles
in cell areas using the LSM software (n = 25). The statistical significance of cellular
uptake was determined by Student’s t-test, By staining with LysoTracker Green, the
colocalization of Alexa 647-labeled-anti-TF Fab'-DACHPt/m with late endosomal/
lysosomal compartments was assessed.

2.8. In vitro cytotoxicity

The 50 percent inhibitory concentration (ICsp) of free oxaliplatin, DACHPt/m,
anti-TF Fab'-DACHPt/m and anti-TF Fab' was evaluated by cytotoxicity assay against
BxPC3 cells. The cells were exposed to the drugs for 3 h, followed by washing three
times with fresh medium and post-incubated for 48 h, Then, the viability of cells was
measured by using Cell Counting Kit-8. For the cytotoxicity evaluation of anti-TF
Faby', the cells were continuously exposed to the antibody fragments for 48 h, and
the viability of the cells was investigated as aforementioned,

2.9, In vive antitumor activity assay on BXPC3 subcutaneous tumor model

To prepare BxPC3 subcutaneous xenografts, BALB/c nu/nu mice (6 week old,
female) were inoculated with 5 x 108 cells. When the average tumor volume
reached 50 mm?, mice were i.v. injected from the tail vein at 3 times every fourth
day with saline (PBS), oxaliplatin (8 mg/kg), DACHPt/m (3 mg/kg), anti-TF Fab’-
DACHPt/m (3 mg/kg), and co-injection of Mal-DACHPt/m (3 mg/kg) and anti-TF Fab'.
The tumor volume was measured by a caliper and calculated with the use of the
following equation:

PEG-b-P(Glu) block copolymer
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Volumerymor = 0.5 (Major diameter) x (Minor diameter)®

The statistical significance of the antitumor activity was determined by Two-
way ANOVA test,

210, Platinum accumulation on BxPC3 subcutaneous tumor in mouse xenograft

BXPC3 cells (5 x 105 cells in medium) were inoculated to BALB/c nu/nu mice (6
week old, n = 5, femnale) to establish subcutaneous BxPC3 tumor model. When the
average tumor size is reached c.a, 100 mm?, anti-TF Fab-DACHPt/m, DACHPt/m and
oxaliplatin were intravenously injected into the tail vein at 5 mg/kg on a DACHPt
basis., Mice were sacrificed after 1, 6 and 24 h injection. Tumors were excised and
decomposed with nitric acid on a hot plate until the samples became dried.
Approximately 1.0 mL of nitric acid (1 vol%, 1.0 mL) was added to the samples to be
dissolved, then the platinum concentration in the solution was measured by ICP-MS,

3. Results and discussion

3.1. Preparation of maleimide-functionalized DACHPt-loaded
micelles

The block copolymers such as methoxy-poly(ethylene glycol)-b-
poly(glutamic acid) (MeO-PEG-b-P(Glu), polymer 1 in Fig. 1)
copolymer and maleimide-PEG-b-P(Glu) copolymer (Mal-PEG-b-
P(Glu), polymer 2 in Fig, 1) were added to DACHPt aqueous solution
to prepare the maleimide-functionalized DACHPt-loaded micelles
(Mal-DACHPt/m) [37,38]. During this process, the coordinate co-
valent bonds occurred between the platinum atom and the
carboxylate groups of poly(glutamic acid), and then triggered their
self-assembling to form core-shell micelles, with DACHPt in their
core and maleimide moieties on their PEG shell (Fig. 1) [28,39]. The
proportion of maleimide functionality on the shell of micelles was
controlled for optimizing the conjugation of antibody fragments by
directly adjusting the ratio of polymer 1 and polymer 2. In this way,
we prepared Mal-DACHPt/m with different maleimide density in
the surface of micelle such as 20% Mal-DACHPt/m and 50% Mal-
DACHPt/m. The diameter of these Mal-DACHPt/m was approxi-
mately 30 nm with narrow distribution, as determined by dynamic
light scattering measurements (DLS), which was comparable to
that of DACHPt/m prepared from MeO-PEG-b-P(Glu) (Table 1). The
complexation ratio of Pt to carboxylate ([Pt}/[COO] = mol/mol) and
the drug loading of Mal-DACHPt/m (Pt/polymer = wt/wt%) were
also comparable to that of DACHPt/m (Table 1). The maleimide
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Fig. 1. Schematic illustration of the preparation of anti-TF Fab' fragment-installed DACHPt/m.
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Table 1
Characterization of maleimide-functionalized DACHPt/m.
Micelles Size [nm)®  PDI®  [P}j[COO]°  Pt/polymer®
[mol/mol] {wifwi%]
DACHPt/m 30 0.09 0.48 46
20% Mal-DACHPt/m 28 0.09 0.46 44
50% Mal-DACHPt/m 31 0.10 047 45
anti-TF Fab™-DACHPt/m" 32 017 045 44

¢ Volume averaged diameter determined by DLS.
b Polydispersity index determined by DLS.

¢ Determined by ICP-MS,

4 Anti-TF Fab'-conjugated 50% Mal-DACHPt/m,

——anti-TF F(ab’),+ DTT 0.5 yM
~———— anti-TF F(ab'),+ DTT & yM
—— anti-TF F(ab'),+ DTT 50 uM
= 0iti-TF Fab'),+ DTT 500 pM
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Fig. 2. GPC chrorhatograms detected by UV absorption at 220 nm of anti-TF F(ab'),
fragment after DTT treatment with different concentrations,
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Fig. 3. FCS autocorrelation curves of Alexa 488-labeled anti-TF Fab’ fragment before
and after the conjugation with 20% Mal-DACHPt/m or 50% Mal-DACHPt/m.

groups on Mal-DACHPt/m allow introducing antibodies through
thiol-maleimide reaction, which is a widely used linkage for pre-
paring ADC [40,41]. Moreover, the conjugation of antibodies on the
surface of micelles avoids the binding of platinum drugs with the
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Fig. 4. Binding of Alexa 647-labeled DACHPt/m (green line) and anti-TF Fab'-DACHPt/
m (blue line) against human pancreatic cancer BXPC3 cell after 1 h incubation at 4 °C
analyzed by flow cytometry. Competition experiments on BxPC3 cells (black line) were
performed by co-incubating anti-TF Fab'-DACHPt/m with 10-fold excess free anti-
human TF F(ab'),. The cells without any micelles were used as a negative control
(red line).

antibodies, which may reduce their binding affinity, and eliminates
the potential disturbance of the antibodies on the self-assembly
process of the micelles. In addition, because the release of
DACHPt from the core of micelles is induced by acidic pH and Cl~,
the conjugation of the antibodies by thiol-maleimide chemistry is a
substantial advantage, as it can be performed in water without
changing pH, preventing drug leakage [42,43]. Thus, these Mal-
DACHPt/m could facilitate the. efficient conjugation of antibodies
without affecting their properties.

3.2. Conjugation of antibody fragments to maleimide-
functionalized DACHPt/m

Thiol-bearing Fab' fragments of anti-human TF antibody (anti-TF
Fab') were fabricated by cleaving the interchain disulfide bonds of
F(ab"), through reduction with dithiothreitol (DTT), as these bonds
are readily reducible sites, and their cleavage is frequently used for
antibody conjugation without losing the binding properties of an-
tibodies [40,43,44]. The optimal reduction conditions for preparing
anti-TF Fab’ were determined by gel permeation chromatography
(GPC) (Fig. 2), following the shift of the peak related to F(ab'); at
18.0 min to that of anti-TF Fab' at 20.5 min. When 500 pm of DTT
was added to the reaction system, we observed only the peak
corresponding anti-TF Fab', while F(ab"), treated with 5 and 50 um
DTT showed the coexistence of F(ab'); and anti-TF Fab’ (Fig. 2). It is
worth noticing that, at DTT concentrations higher than 500 pm, Fab’

Table 2
FCS parameters of fluorescently labeled anti-TF Fab' before and after conjugation with Mal-DACHPt/m.
Correlation® Counts per molecule Diffusion Diffusion coefficient Hydrodynamic
[kHz]® time [um?/sec]* diameter
[ps)” [nm}®
Anti-TF Fab' 1.03 3.61 924+ 16 776 £1.3 6
Anti~TF Fab' 1.02 2.51 437.1 £ 129 164 + 0.5 27
(20% Mal)-DACHPt/m .
Anti-TF Fab’ 1.03 3.66 505.3 + 6.5 142 £ 02 31

(50% Mal)-DACHPt/m

2 Correlation, counts per molecule and diffusion time were calculated by ConfoCor 3 software.

b Hydrodynamic diameter was calculated by Stokes-Einstein equation.
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fragment decomposed into smaller fragments, showing the chro-
matograms at later elusion times (data not shown). Therefore, we
concluded that 500 pum of DTT was the optimal concentration for
producing anti-TF Fab'.

The obtained anti-TF Fab' were purified by ultrafiltration, fol-
lowed by the installation on Mal-DACHPt/m through the formation
of thioether bond [6,45]. The conjugation of anti-TF Fab' to
Mal-DACHPt/m was studied by following the changes in the diffu-
sion coefficient of Alexa 488-labeled anti-TF Fab' by fluorescence
correlation spectroscopy (FCS). From the FCS autocorrelation
function curves of Alexa 488-labeled anti-TF Fab' and its conjugated
DACHPt/m (anti-TF Fab'-DACHPt/m) (Fig. 3), it was observed that
the diffusion coefficient of anti-TF Fab'-DACHPt/m was significantly
smaller than that of single anti-TF Fab" (Table 2), indicating the
successful conjugation of anti-TF Fab' on Mal-DACHPt/m. In addi-
tion, the counts per molecule (CPM), i.e. the mean fluorescence
intensity per molecule, in single anti-TF Fab' were comparable to
that of 50% anti-TF Fab'-DACHPt/m (Table 2), suggesting that one
anti-TF Fab' was conjugated to each 50% Mal-DACHPt/m in this
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reaction setting. The calculated CPM for anti-TF Fab’-DACHPt/m
prepared from 20% Mal-DACHPt/m was less than that of single anti-
TF Fab'. This implies that the anti-TF Fab'-DACHPt/m obtained from
20% Mal-DACHPt/m were a mixture of micelles with and without
Fab'. Therefore, we selected 50% Mal-DACHPt/m for Fab' conjuga-
tion. The hydrodynamic diameter of Mal-DACHPt/m remained close
to 30 nm even after Fab' conjugation (Tables 1 and 2). This might be
reasonable considering the diameter of Fab' as that of a volume-
equivalent sphere of 4—6 nm [46] (Table 2). This relatively small
size of anti-TF Fab'-DACHPt/m could be a significant advantage for
effective extravasation and penetration in stroma-rich tumor tis-
sues of pancreatic cancer [35].

3.3. Binding activity of anti-TF Fab'-DACHPt/m on TF-
overexpressing human pancreatic cancer cells

To study the binding of anti-TF Fab'-DACHPt/m to TF-expressing
cells, human pancreatic cancer BxPC3 cells, which overexpress TF
[47], were exposed to fluorescent-labeled anti-TF Fab'-DACHPt/m

6h

4 h

anti-TF Fab’-DACHPt/m

Fig. 5. (A) Representative CLSM images of BXPC3 cells incubated with Alexa 647-labeled DACHPt/m and anti-TF Fab’-DACHPt/m for 16 h at 37 °C. The merged images of Hoechst
33342-stained nuclei (blue) and fluorescence-labeled micelles (red) (scale bar = 20 pm); (B) The mean fluorescence intensity of Alexa 647 in BxPC3 cells from images taken at 1, 4,
6 h was quantified (n = 25, error bar = +S.EM.,, *"p < 0.001 calculated by Student's t-test); (C) Cellular localization of anti-TF Fab’-DACHPt/m after 6 h exposure against BXPC3 cells at
37 °C. The images show Alexa 647-labeled micelles (red), late endosomes and lysosomes stained by LysoTracker Green (green), nuclei stained by Hoechst 33342 (blue) and their

overlay (scale bar = 10 pm).
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'gzzlceegtration of drugs for fifty-percent inhibition of the growth of BXxPC3 cells.
Cells ICsg [um]*
Oxaliplatin DACHPt/m anti-TF Fab'*- anti-TF Fab®
DACHPt/m
BxPC3 23 126 25 N/A

2 Determined by CCK-8.
b Exposed for 48 h,

for 1 h at 4 °C. Then, the amount of micelles bound to the cells was
assessed through flow cytometry. The average fluorescence levels
in the cells treated with anti-TF Fab'-DACHPt/m (blue line) were
more than 15-fold higher than control BXPC3 cells (red line) (Fig. 4),
indicating the promoted cellular binding of these micelles after 1 h
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incubation, while DACHPt/m (green line) did not show any cellular
binding. To confirm whether the 'enhanced cellular association of
anti-TF Fab™-DACHPt/m results from the specific binding of anti-TF
Fab' to TF on the cell surface, a competition experiment was per-
formed by using 10-fold excess amount of free anti-human TF
F(ab'),. The results demonstrated that the cells treated by anti-TF
Fab'-DACHPt/m and excess anti-human TF Fab'), (Fig. 4; black
line) did not show any increase in the fluorescence levels. It is likely
that TF on BxPC3 cells were occupied by the excess free F(ab');,
thereby restricting the binding sites for anti-TF Fab'-DACHPt/m.
From these results, we concluded that the introduced anti-TF Fab'
on DACHPt/m can selectively bind to TF overexpressed on BxPC3
cells. It is worth noting that only one anti-TF Fab’ conjugation to
each micelle promoted such enhanced binding.
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Fig. 6. Invivo antitumor efficacy of DACHPt/m series against human pancreatic adenocarcinoma BxPC3 xenografts. (A) The drugs were injected three times as indicated with arrows,
every 4th day from day 0 (*p < 0.01, **p < 0.001 calculated by Two-way ANOVA, Error bars = S.EM.; n = 5). The doses for DACHPt/m and anti-TF Fab'-DACHPt/m were 3 mg/kgon a
DACHPt basis, and oxaliplatin for 8 mg/kg; (B) Time profiles of Pt concentration in tumor after i.v. administration into BALB/c nude mice bearing BxPC3 subcutaneous tumor (n = 5).
The doses for DACHPt/m, anti-TF Fab’-DACHPt/m and oxaliplatin were 5 mg/kg on a DACHPt basis. Error bars = SEM.; (C) Relative body weight of the mice during the antitumor
activity experiment (A); (D) The doses for co-injection of anti-TF Fab' and Mal-DACHPt/m (anti-TF Fab’ + Mal-DACHPt/m) and anti-TF Fab'-DACHPt/m were 3 mg/kg on a DACHPt
basis (*p < 0.01, **p < 0.001 calculated by Two-way ANOVA, Error bars = SEM.; n = 5).
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3.4. Cellular uptake and in vitro cytotoxicity

To confirm cellular internalization of anti-TF Fab' DACHPt/m in
BxPC3 cells, we performed confocal laser scanning microscopy
(CLSM) evaluation with fluorescence-labeled anti-TF Fab’-DACHPt/m
and DACHPt/m (Fig. 5). After 1 h incubation, the fluorescence signal
from anti-TF Fab-DACHPt/m was clearly observed in BxPC3 cells,
while DACHPt/m were barely discernable (Fig. 5A). From2hto 6 h
incubation, the red fluorescence signal (anti-TF Fab'-DACHPt/m) was
gradually increased, whereas the fluorescent signal from DACHPt/m
was still significantly weak (Fig. 5A). Quantification of fluorescent
intensity clearly indicated the rapid binding and internalization of
anti-TF Fab'-DACHPt/m against BXPC3 cells (Fig. 5B). By staining the
late endosomes and lysosomes with LysoTracker Green (Fig. 5C;
green), we confirmed the colocalization (Fig. 5C; yellow) of anti-TF
Fab'-DACHPt/m (Fig. 5C; red) and late endosomes/lysosomes in
BxPC3 cells, suggesting that anti-TF Fab' promoted cellular uptake.
This is in good agreement with previous reports regarding the
TE-targeted ADC [47].

The in vitro cytotoxicity of anti-TF Fab’-DACHPt/m was studied in
BxPC3 cells by exposing to anti-TF Fab-DACHPt/m, DACHPt/m and
oxaliplatin, which is the clinically approved derivative of DACHPY, for
3 h followed by post-incubation for 48 h. The 50% inhibitory con-
centrations (ICsp) of the drugs are summarized in Table 3. The ICsp
value of DACHPt/m was higher than that of oxaliplatin, as free oxa-
liplatin is rapidly transported and activated inside the cells, while
DACHPt/m are gradually internalized by the endocytosis and sus-
tainedly release cytotoxic Pt complexes {29]. Nevertheless, the 1Csq
value of anti-TF Fab'-DACHPt/m was comparable to that of oxalipla-
tin, ie. approximately 6-fold lower than that of DACHPt/m. It is
worthy of note that, anti~TF Fab' did not show any in vitro cytotoxicity
against BxPC3 cells under the tested conditions, indicating that the
cytotoxicity of anti-TF Fab'-DACHPt/m can be attributed exclusively
to the enhanced intracellular delivery of cytotoxic DACHPt. The
internalized anti-TF Fab'-DACHPt/m colocalized with late endo-
somes/lysosomes of BXPC3 (Fig. 5C), which may result in the accel-
erated release of DACHPt from the anti-TF Fab'-DACHPt/m due to the
low pH and high chloride ion concentration of late endosomal and
lysosomal compartments [28,29]. Consequently, these results sup-
port that, the introduction of anti-TF Fab' on the surface of DACHPt/m
may contribute to the substantial improvement of the in vitro cyto-
toxicity through the combination of i) promoted cellular uptake to
TF-overexpressing cancer cells (Fig. 5A) and ii) subsequent efficient
intracellular delivery of DACHPt via endocytosis (Fig. 5C).

3.5. In vivo antitumor efficacy and tumor accumulation of anti-TF
Fab™-DACHPt/m

Encouraged by the high in vitro cytotoxicity of anti-TF Fab'-
DACHPt/m against pancreatic cancer BxPC3 cells, we evaluated the
in vivo antitumor activity against subcutaneous BXPC3 xenografts.
Both DACHPt/m and anti-TF Fab'-DACHPt/m at 3 mg/kg showed
enhanced antitumor effect compared to oxaliplatin at 8 mg/kg
(p < 0.001 and p < 0.01, respectively). Particularly, anti-TF Fab'-
DACHPt/m suppressed the growth of tumors for approximately 40
days (p < 0.01), outperforming DACHPt/m (Fig. 6A). It is worth
mentioning that, even though BXPC3 xenografts present charac-
teristics of intractable pancreatic cancer, including poor vasculari-
zation, perycite-covered vasculature and thick fibrosis, which
impede the access of therapeutic agents [48—50], polymeric mi-
celles with the size smaller than 50 nm showed facilitated pene-
tration and accumulation in this tumor model [35]. Both DACHPt/m
and anti-TF Fab'-DACHPt/m showed similar accumulation in tumor
tissues (Fig. 6B), which is well-consistent with previously reported
antibody-linked nanoparticles {51}, indicating that the improved

antitumor efficacy of anti-TF Fab'-DACHPt/m did not result from
enhanced tumor accumulation. Instead, it is reasonable to assume
that the prolonged antitumor efficacy achieved by anti-TF Fab'-
DACHPt/m is attributed to the facilitated cellular uptake by TF-
targeting (Fig. 5) and the resulting improvement of the cytotox-
icity against BxPC3 cells (Table 3). Moreover, at the assessed dosage,
neither DACHPt/m nor anti-TF Fab'-DACHPt/m were toxic according
to the body weight profile (Fig. 6C). In addition, co-injection of anti-
TF Fab' and Mal-DACHPt/m resulted in lower antitumor activity
than anti-TF Fab'-DACHPt/m (Fig. 6D; p < 0.01), indicating that anti-
TF Fab' may not exert any antitumor effect at the applied dose and
that the thiol-maleimide conjugation of anti-TF Fab' on the micelles
was an effective strategy for enhancing drug delivery.

4. Conclusions

In the present study, we designed and synthesized the DACHPt-
incorporated polymeric micelle equipped with anti-human TF-
targetable Fab' fragment on their surface, and demonstrated the
feasibility of antitumor efficacy against stroma-rich intractable
pancreatic tumors. The utilization of maleimide-thiol chemistry
allowed the successful preparation of anti-TF Fab'-DACHPt/m with
one-to-one tailored conjugation. Compared with DACHPt/m, antigen-
recognition ability of anti-TF Fab' facilitated rapid cellular binding and
internalization of anti-TF Fab'-DACHPt/m. Enhanced antitumor effi-
cacy of anti-TF Fab'-DACHPt/m without impairing the safety of parent
micelles, as at least suggested from the negligible loss in the body
weight of treated mice, confirmed the advantages of in vivo tumor
targeting by immunomicellar system loaded with platinum drugs,
which are key drugs for many clinical anticancer therapies, for the first
time. This strategy of one-to-one conjugation of Fab' fragment of
antibody to polymeric micellar surface by maleimide-thiol coupling is
applicable to a broad variety of cargo molecules and antibodies,
including clinically approved tumor-directed antibodies, without
substantial change in the structure and the size of parent micelles.
Hence, it should provide a universality to deliver therapeutic agents
into stroma-rich intractable tumors with strict limitation in extrava-
sation of carrier systems, including pancreatic tumor as reported here,
and enhance their therapeutic efficacy.
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ABSTRACT For systemic delivery of siRNA to solid tumors, a size-regulated and
reversibly stabilized nanoarchitecture was constructed by using a 20 kDa siRNA-
loaded unimer polyion complex (uPIC) and 20 nm gold nanoparticle (AuNP), The
uPIC was selectively prepared by charge-matched polyionic complexation of a
poly(ethylene glycol)-b-poly(i-lysine) (PEG-PLL) copolymer bearing ~40 positive
charges (and thiol group at the (v-end) with a single siRNA bearing 40 negative
charges. The thiol group at the cw-end of PEG-PLL further enabled successful
conjugation of the uPICs onto the single AuNP through coordinate bonding,

nanoparticle

generating a nanoarchitecture (uPIC-AuNP) with a size of 38 nm and a narrow size

distribution. In contrast, mixing thiolated PEG-PLLs and AuNPs produced a large aggregate in the absence of siRNA, suggesting the essential role of the
preformed uPIC in the formation of nanoarchitecture. The smart uPIC-AuNPs were stable in serum-containing media and more resistant against heparin-
induced counter polyanion exchange, compared to uPICs alone. On the other hand, the treatment of uPIC-AuNPs with an intracellular concentration of
glutathione substantially compromised their stability and triggered the release of siRNA, demonstrating the reversible stability of these nanoarchitectures
relative to thiol exchange and negatively charged AuNP surface. The uPIC-AuNPs efficiently delivered siRNA into cultured cancer cells, facilitating significant
sequence-specific gene silencing without cytotoxicity. Systemically administered uPIC-AuNPs showed appreciably longer blood circulation time compared
to controls, i.e., bare AuNPs and uPICs, indicating that the conjugation of uPICs onto AuNP was crucial for enhancing blood circulation time. Finally, the
uPIC-AuNPs efficiently accumulated in a subcutaneously inoculated luciferase-expressing cervical cancer (Hela-Luc) model and achieved significant
luciferase gene silencing in the tumor tissue, These results demonstrate the strong potential of uPIC-AuNP nanoarchitectures for systemic siRNA delivery to

solid tumors.

KEYWORDS: siRNA delivery + unimer polyion complex - gold nanoparticle - cancer therapy

mall interfering RNA (siRNA), which

induces the sequence-specific degrada-

tion of mRNA in the cytoplasm (termed
RNA interference (RNA)), has attracted much
attention in cancer therapy.'? However,
systemically administered siRNA is rapidly
degraded by RNases in the bloodstream
and/or eliminated through kidney filtra-
tion because they are smaller than 6 nm.>*
Thus, siRNA carriers need to be developed
in order to overcome these issues for suc-
cessful therapy. A variety of synthetic na-
nocarriers have been constructed mainly
with cationic nanomaterials, such as lipids,
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polycations, inorganic nanoparticles, and
their hybrid systems.®>~'® These nanocar-
riers can protect siRNA from enzymatic de-
gradations and apparently increase its size
to circumvent kidney filtration. This allows
the siRNA payloads to accumulate in tumor
tissues through the leaky tumor vasculature
via the so-called enhanced permeability
and retention (EPR) effect.""'2In this regard,
several recent studies have revealed that
precise size-tuning promotes the selective
accumulation of nanoparticles in tumor
tissues.'>™ Nanoparticles with a size that
is smaller than 50 nm can efficiently
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Figure 1. Schematic illustration showing the nanoconstruction of uPIC-AuNPs from monodispersed building blocks.
(A} Formation of uPICs comprising a single pair of PEG-PLL and siRNA. (B) Thiol-gold coordination complex between uPICs

and AuNP,

accumulate in tumor tissues, especially in a poorly
permeable pancreatic tumor model.'® Thus, the size
of nanocarriers is important for enhancing siRNA accu-
mulation in a variety of tumor tissues.

While multimolecular self-assemblies of siRNA with
oppositely charged nanomaterials have been widely
developed because of their facile and efficient encap-
sulation of siRNA, it is difficult to control the size and
the distribution of these carriers. In contrast, the bot-
tom-up nanocarrier construction with monodispersed
building blocks and a nanotemplate enables more
precise size-tuning at the nanoscale. With regard to
such building blocks, our recent study demonstrated
that a block copolymer of poly(ethylene glycol) and
poly(-lysine) (PEG-PLL) with a controlled degree
of polymerization of PLL (DPp_) formed a unimer
polyion complex (uPIC)'® comprising a single siRNA
molecule,'®'” potentially serving as a monodispersed
building block. A building-block-loading nanotem-
plate is necessary to satisfy the Janus-type property
requirement for the selective siRNA release into the
cytosol. Gold nanoparticles (AuNPs) are promising
biocompatible nanotemplates, as their size can be
precisely controlled with a narrow distribution, and
also they can be coated with polymers or biomolecules
through thiol chemistry.'®'? This type of bonding is
relatively stable under extracellular conditions, but
these polymers or biomolecules can be competed off

KIM ET AL.

the AuNP with glutathione (GSH), which is abundant
in the cytosol.”® Subsequently, the GSH-coordinated
anionic AuNPs may interact with uPICs to destabilize
them for triggered siRNA release. ‘

To achieve an efficient systemic siRNA delivery to
solid tumors, we developed a size-regulated and re-
versibly stabilized nanoarchitecture (uPIC-AuNP) by
utilizing an AuNP template and a monodispersed uPIC
building block prepared with a single siRNA/PEG-PLL
pair (Figure 1). To this end, a PEG-PLL was prepared
to have a DPp of ~40 (matched with the negative
charges of 21mer/2Tmer siRNA) and thiol groups at
the w-end of PLL for coordinate bonding with AuNP.
After confirming stable binding between single siRNA
molecules and copolymers, the resulting uPICs were
conjugated to a 20 nm AuNP to build uPIC-AuNP
nanoarchitectures exhibiting sizes less than 50 nm
and narrow size distributions under biological condi-
tions. The uPIC-AuNPs achieved efficient siRNA accu-
mulation in a subcutaneous tumor model by systemic
administration and successfully induced sequence-
specific gene silencing in the tumor tissue.

RESULTS AND DISCUSSION

Preparation and Characterizations of uPICs Comprising a
Single PEG-PLL/siRNA Pair. PEG-PLL synthesis was targeted
to possess 40 positive charges (or DPp = 40), as it
can complementarily neutralize the negative charges
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Figure 2. (A) Change in the diffusion coefficient of Cy3-siRNA upon polyionic complexation with PEG-PLL-SH in 10 mM Hepes
buffer (pH 7.2) (Cy3-siRNA concentration = 10 nM). Results are expressed as mean and standard deviation (n = 10). (B)
Diffusion coefficients of Cy3-siRNA-containing PICs prepared at [PEG-PLL-SH]/[siRNA] = 1.0 in various media (Cy3-siRNA
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of single 2tmer/21mer siRNA and form uPICs through
charge-matched polyionic complexation (Figure 1).
The obtained PEG-PLL with TFA protective groups
(PEG-PLL(TFA)) was determined to possess the DPp
of 38 in 'H NMR spectrum (data not shown), The
primary amine in the w-end of PEG-PLL(TFA) was
further modified with LC-SPDP for thiol-gold coordi-
nate bonding, and the quantitative introduction of LC-
SPDP was confirmed in 'H NMR spectrum (Figure S1,
Supporting Information (SI)). After successive removals
of TFA and pyridyl groups with sodium hydroxide and
dithiothreitol (DTT), respectively, the thiolated PEG-PLL
(PEG-PLL-SH) was mixed with Cy3-labeled siRNA (Cy3-
siRNA) at varying mixing ratios in 10 mM Hepes buffer
(pH 7.2), and then characterized by fluorescence
correlation spectroscopy (FCS). Note that FCS can
determine a diffusion coefficient (D) of highly dilute
fluorescent molecules even in serum-containing
media2"** The D values of PEG-PLL-SH/Cy3-siRNA
mixtures decreased progressively with a molar ratio
of PEG-PLL-SH to siRNA ([PEG-PLL-SH)/[siIRNA]) and
leveled off at [PEG-PLL-SHY/[SIRNA] = 1 (Figure 2A).
The initial decrease in the D indicates PIC formation
between Cy3-siRNA and PEG-PLL-SH. The following
plateau region in the D strongly suggests that all
the Cy3-siRNAs were complexed with PEG-PLL-SH at
[PEG-PLL-SHI/[siRNA] = 1, and an excess amount of
PEG-PLL-SH at [PEG-PLL-SH]/[siRNA] > 1 did not bind to
siRNA. The PIC prepared at [PEG-PLL-SH]/[siRNA] = 1
was further characterized by analytical ultracentrifuga-
tion (AUC) based on the absorbance at 260 nm for a
precise structural determination. The molecular weight
(MW) of PICs in 10 mM Hepes buffer (pH 7.2) containing
150 mM NaCl was calculated by combining the AUC
(sedimentation equilibrium) data with a partial specific
volume (PSV) of PICs (0.602 cm®/g) and the buffer
density (1.005 cm®/g). Note that the PSV of PICs was
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determined as a mass average of PSV of siRNA
(0.508 cm®/g) and PSV of PEG-PLL (0.753 cm®/g). The
major parameters used for the calculation of MW of
PiCs are summarized in Table §1 (SI). The PIC exhibited
a MW of approximately 22 kDa, consistent with the
formation of a uPIC comprising a single pair of PEG-PLL
(MW = 7200 Da) and siRNA (MW = 13 300 Da). Single
siRNA loading in uPIC was confirmed by using FCS. The
association number of siRNA in the PIC was determined to
be 0.9 4 0.1 using 10 nM Cy3-siRNA. It was calculated by
normalizing the fluorescent particle number (or ampli-
tude number particle) of the PIC to that of naked siRNA.
Note that the diffusion coefficient of uPICs determined
at 10 nM siRNA (~50 ymZ/sec) was maintained even
at much higher concentrations, i.e, 20 and 40 uM
siRNA (Table S2 (SI)), indicating that the similar uPICs
were also prepared under the preparation condition of
UPIC-AuNPs (17 uM siRNA). The uPIC formation with
a single pair of siRNA and PEG-PLL (DP of PLL = ~40)
can be further validated from the standpoint of
their molecular structures. Considering the fact that
siRNA adopts a right-handed A-form helix with 11 bp
per helical turn, a helical pitch of 2.8 nm, and a
diameter of 2.3 nm,? PLL segment having the maxi-
mum main chain length of 4.1 nm per 11 amino
acids and the maximum side chain length of 0.65 nm
can completely make ion pairs with siRNA phos-
phates along the helical structure. Nevertheless, the
complete ion pair formation between siRNA and
PLL remains to be evidenced in further studies. The
stability of uPICs prepared at [PEG-PLL-SHI/[siRNA] =
1 was further investigated by FCS (Figure 2B). The
addition of 10% fetal bovine serum (FBS) and a
physiological salt hardly affected the D values of
the uPICs, indicating stable PIC formation under the
biological conditions. These results demonstrated
that the stable uPICs were selectively prepared using
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(pH 7.2), uPIC-AuNP: uPIC-loaded AuNPs in 10 mM Hepes (pH 7.2) containing 150 mM NaCl, uPIC w/o thiol + AuNP:
the mixture of AuNPs and uPICs prepared with nonthiolated PEG-PLL in 10 mM Hepes (pH 7.2) containing 150 mM NaCl,
and PEG-PLL-SH + AuNP: the mixture of AuNPs and thiolated PEG-PLL without siRNA. (B) TEM image of uPIC-AuNPs. (C)
Intensity-based DLS histograms of various sample solutions. Bare AUNP: AuNPs without PICs in 10 mM Hepes buffer (pH 7.2),
uPIC-AuNP: uPIC-loaded AuNPs in 10 mM Hepes (pH 7.2) containing 150 mM Nacl (solid line) or 10% FBS (dashed line), and
uPIC w/o thiol + AuNP: the mixture of AuNPs and uPICs prepared with nonthiolated PEG-PLL in 10 mM Hepes (pH 7.2)
containing 150 mM NaCl. All samples were incubated overnight at ambient temperature (AuNP concentration: 12 nM).

PEG-PLL bearing ~40 positive charges, allowing their
use as monodispersed building blocks for nano-
construction. i
Preparation and Characterizations of the Smart uPIC-AuNP
Nanoarchitecture. uPICs were used as monodispersed
building blocks for the construction of smart uPIC-AuNP
nanoarchitectures (Figure 1). Specifically, the uPICs,
which were prepared at [PEG-PLL-SH]/[siRNA] = 1 in
10 mM Hepes buffer (pH 7.2), were mixed with 20 nm
AuNPs at a molar ratio ([siRNA]/[AuNP]) = 360 in the
same buffer, then incubated at 4 °C for 8 h. Unbound
uPICs were removed thoroughly by repeated centrifu-
gal steps and the resulting uPIC-AuNPs were dispersed .
in 10 mM Hepes buffer (pH 7.2) containing 150 mM
Nadl. The successful conjugation of uPICs onto AuNP
was verified by UV—vis absorbance spectra, transmis-
sion electron microscopy (TEM), and dynamic light
scattering (DLS). The  absorbance spectrum of uPIC-
AuNPs suggested that flocculation of AuNPs hardly
occurred during the conjugation process, as a notable
change in the absorbance spectra based on the surface
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plasmon resonance was not observed between bare
AuNPs and uPIC-AuNPs (Figure 3A). Furthermore, the
TEM image depicted that the uPIC-AuNPs were com-
posed of single AuNP without particle aggregation,
as their spherical shapes with a narrow size distribu-
tion (Figure 3B) were similar to those of the bare
AuNP templates (Figure S2 (Sl)). On the other hand,
the intensity-based DLS histograms clearly show
an increase in size of AuNPs after uPIC conjugation
(Figure 3C). The peak top in the histogram was shifted
from ca. 23 nm in bare AuNPs to ca. 38 nm in uPIC-
AuNPs, Considering that the siRNA length is ca. 6 nm?*
and a hydrodynamic radius of PEG (MW = 2200) in
a random coil is ca. 1.5 nm,* this size increase is
consistent with the conjugation of uPICs on AuNP, as
illustrated in Figure 1B. In addition, the zeta-potential of
uPIC-AuNPs was determined to be —24.7 + 0.4 mV. This
value was significantly higher in the positive direction
than that of bare AuNPs (—31.3 & 1.2 mV), consistent
with the presence of PEG outer shell in uPIC-AuNPs, It
should be noted that the uPIC-AuNPs maintained their
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