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ABSTRACT The treatment of pancreatic cancer frequently fails due to local

Gd@Cs2(OH)22
recurrence and hepatic metastasis. Our previous study found that Gd@Cg,(0H),, : :
can suppress pancreatic cancer by inhibiting MMP-2/9 expression. In this study, we o
further explored the epigenetic mechanism of Gd@Cg,(0H),, in human pancreatic Hl;;m .
cancer metastasis. Gd@Cg,(OH),, suppressed tumor metastasis through down- E

regulation of metastasis-associated protein 1 (MTA1), HDAC1, HIF-1c, and MMP-2/9
and up-regulation of reversion-cysteine protein with the Kazal motif (RECK). The level of acetylation was increased in the promoter region of the RECK
gene after Gd@Cg,(OH),, treatment. The interaction of MTA1, HDAC1, and HIF-1o. was inhibited by Gd@Cg,(OH),,. Furthermore, large-scale molecular
dynamics simulations revealed Gd@Cg,(OH),, could serve as an effective HDAC inhibitor to the protein—protein association between HDAC1 and MTA1,
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especially through MTA1's SANT and ELM2 dimerization domains. Our findings implicate Gd@Cg,(OH),;, as a novel HDAC inhibitor acting to increase RECK

expression by suppressing the MTA1/HDAC1 co-repressor complex. Gd@Cg,(OH),, may serve as a potential HDACT inhibitor to suppress pancreatic cancer cell

invasion and metastasis both in vitro and in vivo. According to computer analysis and experimental validation, Gd@Cg,(OH),; activates RECK expression by

inhibiting the interaction of HDAC1 and MTA1.
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ancreatic cancer is a malignant dis-
P ease with increasing incidence world-

wide. Most treatment failures are due
to local recurrence and hepatic metastasis,
making it critical to understand the me-
chanism of metastasis for development of
effective therapies.! ™ Hypoxia is an essen-
tial feature of the microenvironment in solid
tumors. Hypoxia-inducible factor-1a (HIF-1a),
metastasis-associated protein 1 (MTA1), and
histone deacetylase 1 (HDAC1) are known
to be induced under hypoxia.>® Dysre-
gulation of MTAT and HIF-1a enhances
tumor metastasis and down-regulates of
the reversion-cysteine protein with the Kazal
motif (RECK) under hypoxia by recruiting
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HDAC1.” RECK is a membrane-anchored
glycoprotein that negatively regulates ma-
trix metalloproteinases (MMPs) to inhibit
tumor metastasis and angiogenesis.® % It
was suggested that HDAC inhibitors
(HDACIs) suppress cancer cell invasion by
up-regulating RECK.”'3'*

HIF-1o is a subunit of HIF-1, a key reg-
ulator of cellular adaptive responses to hyp-
oxia and involved in many pathways re-
lated to angiogenesis and metastasis.'> '’
Itis usually degraded through the ubiquitin/
proteasome system under normoxia. How-
ever, most pancreatic cancer cell lines
express high levels of HIF-1a. under nor-

moxia,'®'® which reinforces the malignancy
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Figure 1. Gd@Cg,(OH), and Cgo(OH),, suppress cell migration and invasion at the concentration of 50 xM for 24 h in Panc5.04
cells. (a) Transwell assay shows that Gd@Cg,(OH),, and Cgo(OH),, inhibit cell migration and invasion in Panc5.04 cells. (b)
Reactive oxygen species (green) and 02"~ (red) were suppressed by Cgo(OH),, and Gd@Cg,(OH),, in Panc5.04 cells. (c)
Immunofluorescence assay shows that the expression of HDAC1 was suppressed by Cgo(OH),, or Gd@Cgy(OH),,. (d)
Expression of HDAC1, MTA1, HIF-1a, MMP-2, and MMP-9 was reduced, and the expression of RECK was increased after

Ce0(OH),, or Gd@Cg,(OH),, treatment in Panc5.04 cells.

of pancreatic cancer. MTA1 has been regarded as a
candidate metastasis-associated molecule that plays
an important role in tumor invasion and metastasis by
interacting with HDACs.>*° Low-level expression of
MTA1 is found in various normal tissues, but the
expression is increased markedly in different cancers,
including pancreatic cancer.?' ~2¢

The dynamic interplay of acetylation and deacetyla-
tion governs gene expression. HDACs are overex-
pressed in many primary human cancers,” 3 in-
cluding pancreatic cancer.>' 3% In particular, HDAC1
is regarded as one of the important therapeutic targets
in human cancer.3>~3” HDAC inhibitors suppress can-
cer cell invasion, migration, and metastasis by down-
regulating HIF-1a. in vitro and in vivo.383°

Fullerene and its derivatives have been widely
studied in biomedical fields recently due to their
unique optoelectronic and physiochemical proper-
ties. Water-soluble fullerene derivatives are regarded
as free radical scavengers and antioxidants.*>*! Func-
tionalized fullerenes have also shown potential in
tumor therapies, such as photodynamic therapy,
photothermal treatment, and chemotherapeutics.
It was recently reported that Gd@Cg,(OH),, can
suppress pancreatic cancer metastasis by inhibit-
ing MMP-2/9 expression and activity.*?> However, the
way MMP-2/9 expression was regulated is still not
clear. Here, we investigated the mechanism of
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Gd@Cg,(OH),, on epigenetic regulation of human
pancreatic cancer metastasis.

RESULTS AND DISCUSSION

Gd@Cg;(0H),, Suppresses Cell Migration and Invasion by
Inhibiting MMP-2/9, MTA1, HDAC1, and HIF-1a Expression in
Pancreatic Cancer Cells. To understand the mechanism of
Cgo(OH),; and Gd@Cgy(OH),, in pancreatic cancer
metastasis, transwell assay, immunofluorescence, and
Western blotting were employed in pancreatic cancer
cells. As shown in Figure 1a, the number of migration
cells (Panc5.04) is 136 £ 12 versus 45+ 6 (P < 0.01) and
134 4+ 27 versus 21 £+ 3 (P < 0.01) before and after
Cgo(OH),, or Gd@Cg,(OH),, treatment, respectively.
The number of migration cells was reduced signifi-
cantly in Cgo(OH),,-treated and Gd@Cg,(OH),,-treated
Panc5.04 cells. The number of invasive cells is 182 + 16
versus 66 + 7 (P < 0.05) and 180 =+ 20 versus 15 + 6
(Figure 1a, P < 0.01) before and after Cgo(OH),, treat-
ment and Gd@Cg,(OH),, treatment, respectively. The
number of invasive cells was also reduced significantly
in both Cgo(OH),, and Gd@Cg,(OH),, treatment. Similar
results were obtained in Panc3.11 cells (Supporting
Information Figure S1a,b). These results suggest that
Cg0(OH),, and Gd@Cg,(OH),, suppress cell invasion
and migration in pancreatic cancer.

In our previous study, Cgo(OH),; and Gd@Cg,(OH),,
were found as reactive oxygen species (ROS) scavengers
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in preventing the proliferation of cancer cells.*'** ROS
stimulate angiogenesis and metastasis by increasing
HIF-1oc under hypoxia.***> Under normoxia, HIF-1a
exhibits a high level of expression in pancreatic cancer
cells."®* The level of ROS was reduced in Panc5.04 and
Panc3.11 cells under normoxia after treatment with
Cs0(OH); or Gd@Cg,(OH),;, (Figure 1b and Supporting
Information Figure S1c). The results suggest that Cgo-
(OH),, and Gd@Cg,(OH),, suppress cell metastasis by
reducing the level of ROS. HIF-1a. was undetectable in
the majority of human tumors under normoxia.'®*®
However, consistent expression of HIF-1a. and a high
level of spontaneous ROS were reported in pancreatic
cancer cell lines under normoxia.'®**® The level
of HIF-1o. and ROS was reduced significantly after
Ceo(OH)go or Gd@Cg,(OH),, treatment in Panc5.04
and Panc3.11 cells (Figure 1b,d and Supporting Infor-
mation Figure S1d,f), which is similar to our recent re-
ports.*49=>1 Multiple studies support that the expres-
sion of HIF-1at is inhibited by blocking class I/ll HDACs
with HDACls in human cancers.®®3° Trichostatin A
(TSA),>? FK228, butyrate, and LAQ82481 were found
to suppress angiogenesis and to repress the expression
of VEGF and MMP-2/9 in human cancer.>*>° To further
understand the mechanism of Cgo(OH)5o and Gd@Cg,-
(OH),, in human pancreatic cancer, the expression of
HDAC1 and HIF-1a was detected before and after
Ceo(OH),> or Gd@Cg,(OH),, treatment in Panc5.04
and Panc3.11 cells. The expression of HDAC1 and
HIF-1a. was reduced noticeably after Cgo(OH)yo or
Gd@Cg,(0OH),, treatment (Figure 1¢,d and Supporting
Information Figure S1e,f). In recent reports, intracellular
ROS levels were suppressed by TSA, a HDAC inhibitor in
both mice and humans.’’”® Therefore, our results
strongly suggest that Cgo(OH),; and Gd@Cgy(OH),,
may serve as potential HDAC inhibitors in pancreatic
cancer.

Gd@Cgy(0H),, Nondestructively Interacts with HDAC1. To
understand the atomistic details of the in vitro ex-
perimental results, in silico molecular dynamics simula-
tions were carried out to investigate the protein—
nanoparticle interaction. Of special interest was how
the two nanoparticles, Gd@Cg,(OH),, and Cgo(OH),,
affected possible association of HDAC1 with a co-
repressor (e.g., MTA1) and/or co-regulator (e.g., b-myoi-
nositol-1,4,5,6-tetrakisphosphate (Ins(1,4,5,6)P4)) with-
in the cancerous environment. For the simulations,
each system consists of a HDAC1 surrounded by
multiple Gd@Cgy(OH),, (or Cgo(OH),, as control) in
explicit solvent without any initial contact between
the molecules (Figure 2). For statistical analysis, five
different >200 ns long trajectories were generated
for each system in the isobaric and isothermal en-
semble (i.e., NPT ensemble in 1 atm and 310 K),
resulting in over 2.2 us simulation time in the aggre-
gate (see Methods and Supporting Information for
more details).
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Over the simulation time (i.e., > 200 ns), HDAC1
keeps its native fold with all three metal binding sites
intact (i.e., one zinc-coordinated active site and two
structural potassium binding sites) in all trajectories.
Both the root mean square deviation (Supporting
Information Figure S2) and root mean square fluctua-
tion (Supporting Information Figure S3) of HDACI
indicate that, except for the loop between residues
G202 and D210, HDAC1 is quite rigid, even with
frequent contact with the nanoparticles. For the flex-
ible loop, some contacts were observed with Gd@Csg,-
(OH),; but rarely with Cgo(OH),,. Since this loop is
located near one of the MTA1 binding domains (i.e.,
ELM2-specific motif), it is possible that it might become
stabilized once bound with MTAT.

Our simulations demonstrate that both fullerene
derivatives hardly alter the tertiary structure of HDAC1
even locally. This is largely attributed to the multiple
hydroxyl groups on the fullerene cages that result
in better water solubility. Thus, Gd@Cg,(OH),; is not
so hydrophobic as to deform the native structure
of proteins, in contrast to bare carbon materials
that cause large structure alterations.”®%° However,
Gd@Cg,(OH)s, is not profoundly hydrophilic either,*?
which explains why these nanoparticles tend to cluster
together and interact with proteins instead of being
fully dissolved in water. Snapshots of one representative
trajectory showing intensive interaction between multi-
ple Gd@Cg,y(OH),, with HDAC1 even with no obvious
structural deformation can be seen in Figure 2d.

Gd@Cg,(0H),, and C4o(OH),, Have Different Binding Modes
with HDAC1. As shown in Figure 3, the site-specific
contacts of HDAC1 with each fullerene derivative
clearly distinguish binding modes. For instance, by
comparing Figure 3b,e, it is readily seen that Gd@Cg,-
(OH),, prefers the N-terminal residues, whereas
Cgo(OH),, favors the C-terminal ones. More explicitly,
the projection of the contact sites onto the 3-D structure
of HDAC1 (Figure 3a,d) indicates that the highly occu-
pied sites by Gd@Cg,(OH),, coincide well with the MTA1
binding sites, which is not true in the case of Co(OH),5.
This implies that Gd@Cgy(OH),, possibly inhibits
HDAC1 by more indirectly interfering with the
protein—protein association such as with co-repressor
MTA1, so as to fail in recruiting HDAC1 properly. On the
other hand, Cgo(OH),5, more in an indirect pathway,
seems less effective than Gd@Cg,(OH),;, in inhibiting
HDAC1. As shown, the high-frequency contact sites of
Cgo(OH),, have little overlap with MTA1 association
domains. Of interest is the active site usually targeted
by conventional HDAC inhibitors for histone tail
deacetylation.”'*'* While we did observe some contacts
between the active site and Gd@Cg,(OH),, (very rare
with Cgo(OH),»), it is hard to propose that Gd@Cg,(OH),,
inhibits HDACT dominantly by directly acting on this
active site because a much larger contact area is
predominantly populated at sites remote from it.
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Figure 2. Molecular dynamics simulation with HDAC1 and Gd@Cg,(OH),,. (a) X-ray crystal structure of HDAC1. The zinc-
coordinated active site is indicated with a ball (gray) coordinated with residues D176, H178, and D264, while the rest s colored
depending on secondary structures (purple, o-helix; blue, 3,,-helix; yellow, 5-sheet; cyan, turn; coil, white). (b) Molecular
structure of Gd@Cg,(OH),,, where the Gd*>* (green ball) ion is encaged in Cg,(OH),,. (c) Initial configuration of the molecular
dynamics simulation. HDAC1 surrounded by four Gd@Cs,(OH),, is immersed in a 0.1 M NaCl TIP3P water solution. (d)
Representative simulation trajectory, featured with a single and/or clustered contact at 8.4 and 39.2 ns, respectively, and
further site search for thermodynamically stable bindings (49.6—200.0 ns) at co-repressor MTA1 binding sites.

Gd@Cg,(0H),, Inhibits HDAC1 in Human Pancreatic Cancer
Cells. Histone acetylation alters chromatin structure
and activates gene expression. HDAC1 suppresses
gene expression by promoting histone deacetylation
in the promoter region.®' According to our computer
simulations, Gd@Cg,(OH),, is more effective than
Cgo(OH),, at binding with HDAC1. To validate the
prediction results, we focused on the interaction of
Gd@Cg,(0OH),, with HDAC1 in pancreatic cancer cells.
Acetylation of histone-H3 (H3K9, H3K14) and H4 (H4KS5,
H4K8, H4K16) was detected before and after Gd@Cg,-
(OH),, treatment in Panc5.04 and Panc3.11 cells. As
shown in Supporting Information Figure S4, the level of
acetylated histone-H3 and -H4 increased markedly
after Gd@Cg,(OH),; treatment. The results suggest that
Gd@Cg,(0OH),, interacts with HDAC1 and inhibits its
function. The expression of MTA1 and MMP-2/9 was
reduced, and the expression of RECK increased notice-
ably after Gd@Cg,(OH),, treatment (Figure 1d, Figure 4a,
Supporting Information Figures S1f and S8a). To further
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validate that the expression of RECK was regulated by
histone modification, the status of H3K9 acetylation in
the RECK promoter region was examined by ChIP
assay. The results suggest that histone H3K9 was
apparently acetylated after Gd@Cgy(OH),, treatment
in Panc5.04 (Figure 4b) and Panc3.11 cells (Supporting
Information Figure S8b).

As reported before, the expression of RECK was
inhibited by recruiting HDAC1 to its promoter region
through MTA1 and HIF-10.”%% The 50% inhibitory
concentration of Gd@Cg,(OH),, on the interaction of
HDAC1 and MTAT1 is 50 uM for 6 h, and the expression
of HDAC1 and MTA1 was not inhibited by treatment
with Gd@Cg,(OH),, at 50 uM for 2 h. Therefore, the
interaction of MTA1, HDAC1, and HIF-1a. was analyzed
by immunofluorescence and ColP assay before and
after 50 uM Gd@Cg,(OH),; treatment for 2 h. The com-
plex bands were strong before Gd@Cg,(OH),, treatment.
The bands became faint after Gd@Cg,(OH),, treat-
ment in Panc5.04 and Panc3.11 cells (Figure 4d and
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Figure 3. Site-specific contacts on HDAC1 by Gd@Cg,(OH),, (left column) and Cgo(OH),; (right column). (a,d) Favorable
contact sites projected on the surface of HDAC1, where the binding sites seem complementary between fullerene derivatives.
(b,e) Residue-specific contact ratios along the sequence of HDAC1 and amino-acid-specific contact probabilities (inset; black
bars, probabilities over amino acid types, and red bars, probabilities normalized by the surface amino acid density with an
exposure cutoff of SASA > 40%). Gd@Cs,(OH),; has a favorable interaction in groups, especially at the N-terminal region of
HDACA1, whereas Cgo(OH),, has a much choppier contact all over the sequence. (c,f) HDAC1 contacts overlaid with MTA1.
Gd@Cs,(OH),; intensively interacts at HDAC1 sites, where MTA1 binds and Ceo(OH),, contacts at sites remote from MTA1

binding sites.

Supporting Information Figure S8d). These results
further suggest that MTA1, HDAC1, and HIF-10o formed
a complex and that HDAC1 was recruited by MTA1 and
HIF-1a in the RECK promoter region. Gd@Cg,(OH),;
activates RECK expression by inhibiting the interaction
of HDAC1, MTA1, and HIF-1a in the promoter region.
The number of invasive and migration cells was re-
duced by knocking down HDAC1 in Panc5.04 and
Panc3.11 cells (Supporting Information Figure S13a,b).
The expression of RECK was increased, and the expres-
sion of MMP-2/9 was reduced after knockdown of
HDACT (Supporting Information Figure S5). The result
further indicates that Gd@Cg,(OH),, induces RECK
expression by inhibiting HDAC1 expression and re-
cruiting HDAC1 to the RECK promoter region.

MMP-2 and MMP-9 were reported to be regulated
by RECK. To further validate that MMP-2 and MMP-9 are
down-regulated by RECK under Gd@Cg,(OH),, treat-
ment, siRNA knockdown technique was employed.
The expression of RECK was induced, and MMP-2/9

PAN ET AL.

expression was suppressed by Gd@Cg,(OH),, treat-
ment at 50 uM for 24 h; then RECK was knocked down
by siRNA. The number of invasive cells increased
significantly in the siRNA knockdown group compared
with the scrambled siRNA treated group after treat-
ment (P < 0.05). MMP-2/9 expression was inhibited
after Gd@Cg,(OH),, treatment for 24 h. Re-expression
of MMP-2/9 was induced by knocking down RECK
(Supporting Information Figure S13c,d). The results
above suggest that Gd@Cg,(OH),, suppresses pan-
creatic cancer invasion and was caused by down-
regulation of MMP-2/9 through inhibition of HDAC1-
induced up-regulation of RECK.

Gd@Cg;(0H),; Inhibits HDACT Activity by Effectively Interfer-
ing with Co-repressor MTA1 Association. As a histone deace-
tylation enzyme, HDAC1 needs to conjugate with a co-
repressor, such as MTAT1, to recognize the targeting
location in chromatin and to align in the correct
orientation according to the substrates at the histone
tail. Thus, a stable complex of HDAC1 with a cognate
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Figure 4. Mechanism of Cgo(OH),; and Gd@Cg,(OH),, on
the regulation of RECK expression at the concentration of
50 uM for 24 h and the effect of Gd@Cg,(OH),, on the inter-
action of HDAC1 with MTAT1 at the concentration of 50 «M for
2 h in Panc5.04 cells. (a) Reverse-transcriptase polymerase
chain reaction results show the effect of Cgo(OH),, and
Gd@Cg,(OH),, on the expression of RECK at the concentra-
tion of 50 uM for 24 h in Panc5.04 cells. Gd@Cs,(OH),; is
more effective than Cgo(OH),,. (b) Western blot and ChIP
assay results show Gd@Cs,(OH),, activated H3K9Ac acet-
ylation in the RECK promoter region at 50 «M in 24 h (IgG:
negative control with nonspecific antibody). (c) In order to
prevent the degradation of HDAC1 and MTA1 before finish-
ing detection of the interaction of MTA1 and HDAC1,
Panc5.04 cells were treated with Gd@Cg,(OH),, for only
2 h atthe concentration of 50 M. Immunofluorescence assay
shows that the interaction of MTA1 and HDAC1 was inhibited
by Gd@Cg,(OH),; in Panc5.04 cells (red, HDAC1 coupled with
tetramethylrhodamine; green, MTA1 coupled with FITC).
Merge 1: Interaction of HDAC1 and MTA1. Merge 2: Fusion
with Merge 1 and DAPI (nuclei, blue). (d) ColP results show
the interaction of HDAC1, HIF-1a, and MTA1. (+) Gd@Cg>-
(OH),, treatment, (—) no Gd@Cg,(OH),, treatment.

Gd@C82(0H)22

co-repressor is an important prerequisite for chromatin
condensation following transcriptional repression. The
MTA1 binding on HDACT has been characterized by an
extensive interaction with the three domains of MTA1,
such as SANT (residues 283MTA1—335MTA1), ELM2
dimerization (residues 199MTA1—282MTA1), and ELM2-
specific motif (residues 162MTA1—198MTA1), along with
the carboxy to amino termini of MTA1.

More specifically, we constructed potential of
mean forces (PMFs) on the surface of HDAC1 based
on the residue-specific contact probability (Figure 5).
As shown in the contact analysis, PMF also shows that
Gd@Cg,(OH),, has a favorable interaction with HDAC1
along MTA1 binding sites, especially at SANT and
ELM2 dimerization domains. The energetics behind
the binding pattern could be rationalized by analyzing

PAN ET AL.

Figure 5. Potential of mean force and representative bind-
ing modes. The binding PMF projected on the HDAC1
surface clarifies that Gd@Cg,(OH),; has thermodynamically
stable interactions at two sites that are very important to
MTA1 association, as indicated with site-l and site-Il. The
PMF has been calculated by w(r) = —RT In p(r), where p(r) is
the contact probability at a residue r by nanoparticles. In
each, two representative binding modes are proposed, each
having stable interactions with surface residues. At site-l,
Gd@Cg,(OH),, may interfere with the MTA1—SANT domain
binding as well as the co-regulator Ins(1,4,5,6)P,. At site-Il,
Gd@Csg,(OH),, seems to effectively block the MTA1—ELM2
dimerization domain especially in mode llgp, as well as the
ELM2-specific motif in mode llgy by interfering with anti-
parallel 5-strand packing against HDAC1 (as marked with a
green ribbon).

surface electrostatics on HDACT1 (Supporting Informa-
tion Figure S6). The isoelectric surface shows that MTA1
interacts on HDAC1 in a large stripped area, composed
of neutral or positively charged residues. Given that the
negative charge on the fullerenol cage is induced by
the encaged Gd>" (i.e., GA*T@[Cg,(OH)5]° "), Gd@Cgx-
(OH),, would be more likely to make its first contacts
with positively charged residues by virtue of the long-
ranged electrostatic interactions. Once near the pro-
tein surface, however, Gd@Cg,(OH),, can diversify the
interacting residues by using relatively short-ranged
hydrophobic, aromatic, and hydrogen bonding inter-
actions in addition to the electrostatic interaction. This
enables Gd@Cg,(OH),, to interact even with negatively
charged amino acids like Asp and Glu.

Based on the PMF analysis, two energetically favor-
able binding sites on HDAC1 for Gd@Cg,(OH),, are
identified, which we marked as site-I and site-Il. Site-I
directly corresponds to the binding site for the SANT
domain of MTAT1, which is critical in recruiting class |
HDAC with the aid of co-regulator Ins(1,4,5,6)P4.5® For
site-ll, it coincides with the binding sites for the amino
end of the ELM2 dimerization domain and the carboxy
end of the ELM2-specific motif of MTA1.

For site-l, two representative binding modes are
found to associate with this location from the simulations,
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namely, ISC and ISB. In mode ISC, Gd@Cg,(OH),, inter-
acts with residues that are known to play an important
role at the center of the interface between
MTA1—SANT and HDACIT, including N21, Y22, Y23,
H33, R36, and Y333. For example, H33 and Y333 have
been shown to provide a stage for stable aromatic
interaction with Y327MTA1 and Y328MTAT1 of the SANT
domain, which is crucial in coordinating Ins(1,4,5,6)P4
to make HDAC1 active.®® On the other hand, during
mode ISB, Gd@Cg,(OH),, interacts with residues lo-
cated along the border of the binding sites of the SANT
domain, which include residues Y23, Y24, Q26, H28,
V102, F103, D104, and P108. Although Gd@Cg,(OH),,
might not effectively inhibit the SANT binding in this
mode, it could interfere in important interactions, such
as the hydrophobic interaction made by Y23 and the
hydrogen bonding network between Q26, K305MTA1,
and D306MTAT1.

Similar to site-l, two representative binding modes
are also observed at site-Il, which we named modes llgp
and llgy. However, unlike site-l, Gd@Cg,(OH),, interacts
with HDACT in the middle of the protein—protein
interface in these two modes. For example, in mode
llep, Gd@Cgy(OH),, directly interacts with key residues
that are important for the MTA1—ELM2 dimerization
domain binding, including Y15, D16, R36, H39, L43, Y48
and R49. These aromatic and hydrophobic residues are
all involved in hydrophobic contacts with residues of
MTA1, and R49 forms stable electrostatic interactions
with D207MTA1 and D111MTA1. Meanwhile, mode llgy
shows that Gd@Cg,(OH),, has a strong contact with
E52, L53, Y54, and R55 of 3-strand site-ll, which corre-
spond to the binding site for the C-terminal region of
the ELM2-specific motif of MTA1. While a majority of
ELM2-specific motifs lack secondary structure even
bound with HDAC1, the C-terminal end of this domain
forms a short S-strand (residues L194MTA1 to
W199MTA1) packed antiparallel against a S-strand
site-Il (i.e., G52 to P56) of HDAC1. Therefore, the
intensive interaction of Gd@Cg,(OH),; at the f-strand
site-l possibly interferes with antiparallel 5-strand for-
mation between HDAC1 and MTAT, again resulting in
attenuated HDAC1 recruitment.

Taken together, our simulations showed that both
Gd@Cs,(0OH),; and Cgo(OH),, have drastically different
binding modes on HDAC1. Although a direct blockage
on the active site was not found as a predominant
pathway for both nanoparticles, strikingly, Gd@Cg,-
(OH),, has a thermodynamically stable interaction
along the HDACT surface that is critical for the co-
repressor MTA1 binding domains, including SANT,
ELM2 dimerization, and the C-terminal end of the
ELM2-specific motif. To the contrary, Cgo(OH),> con-
tacted with HDACT at less critical and seemingly
complementary sites from those of Gd@Cg,(OH),,. This
strongly suggests a potential inhibitory mechanism of
Gd@Cg,(OH),, on HDACT—Gd@Cg,(OH),,, acting as an
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Figure 6. Gd@Cg,(OH),, suppresses tumor growth and
metastasis in Panc5.04 cell xenograft mice. (a) Primary
and metastatic tumors in Panc5.04 cell xenograft mice.
Distant metastasis occurred in 3 of 7 saline-treated mice
groups, and no distant metastasis was observed in the
Gd@Cg,(OH),,-treated group. (b) Volume of Panc5.04 pri-
mary tumor xenografts in the Gd@Cg,(OH),,-treated group
was apparently smaller than that in the control group. (c)
Tumor weight was measured at the time point of 50 days.
The reduction of tumor mass was observed in the Gd@Cg,-
(OH),,-treated group (**P < 0.01). (d) There is no difference
in the variation of body weight change between Gd@Cg,-
(OH),-treated and saline-treated groups. (e) IHC staining
was performed to detect the expression of metastasis-
related factors in primary tumors and metastatic tumors
(P-S, primary tumors in saline group; M-S, metastatic tumor
sites in saline group; P-Gd, primary tumors in Gd@Cg,-
(OH),,-treated group) including HDAC1, MTA1, MMP-2,
MMP-9, and antimetastatic factor, RECK. Down-regulation
of HDAC1, MTA1, and MMP-2/9 was observed, and up-
regulation of RECK was detected in the Gd@Cgy(OH),,-
treated group.

effective inhibitor for protein—protein association be-
tween HDAC1 and MTA1 rather than an inhibitor to
directly block a ligand binding at the active site of
HDACT1.

The interaction of HDAC1 and MTAT1 is inhibited by
Gd@Cg,(0OH),; according to our molecular simulations.
To validate this prediction, the ColP technique was
employed. First, we analyzed the time course and the
dosage of Gd@Cg,(OH),, on HDACT and MTAT1 expres-
sion inhibition in Panc5.04 cells (Supporting Informa-
tion Figure S7). No HDACT expression and very weak
expression of MTA1 were found in Panc5.04 and
Panc3.11 cells after Gd@Cg,(OH),, treatment at 50 uM
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for 24 h (Figure 1d and Supporting Information
Figure S1f). The inhibiting effect on the expression of
HDAC1 and MTA1 was enhanced with the increased
exposure time. As the expression of HDAC1 and MTA1
was not inhibited by treatment with Gd@Cg,(OH),; at
50 uM for 2 h, we evaluated the effect of Gd@Cg,(OH),>
on the interaction of HDAC1 and MTAT1 under this
condition (Figure 4). As shown in Figure 4 and Support-
ing Information Figure S8, the interaction of HDAC1
and MTA1 was suppressed by addition of Gd@Cg,-
(OH),, to Panc5.04 and Panc3.11 cells. The inhibition of
Gd@Cg»(OH)5, on the interaction of HDAC1 and MTA1
was further validated by immunofluorescence (Figure 4c
and Supporting Information Figure S8c), confirming
the predictions from our computer modeling. The
results above suggest that Gd@Cg,(OH),, may inhibit
the interaction of HDAC1 and MTA1, as well as regula-
tion of HDAC1 expression. To validate that Gd@Cg,-
(OH),, is directly bound to HDACT, precipitation of
HDAC1 and MTA1 was performed following the treat-
ment of Gd@Cg,(OH),, in Panc5.04 and Panc3.11 cells.
As shown in Supporting Information Figure S14,
Gd@Cg,(OH),> was bound to HDAC1 and MTA1 but
not IgG (negative control). The results strongly demon-
strate that Gd@Cg,(OH),, is directly bound to HDACT.

Gd@Cg,(0H),, Suppresses Pancreatic Cancer Metastasis in
Panc5.04 Xenograft Mice. To validate the effect of Gd@Cg,-
(OH),, on pancreatic cancer metastasis, a primary
pancreatic tumor xenograft mouse model was estab-
lished from resection specimens of Panc5.04 tumors.
Distant metastasis occurred in 3 of 7 saline-treated
mice, and no distant metastasis was observed in the
Gd@Cg,(OH),,-treated group (Figure 6a). No distant
metastasis was found in both Gd@Cg,(OH),>-treated

METHODS

Cell Lines and Cell Culture. Cgo(OH),, and Gd@Cg,(OH),, were
dissolved in saline as stock solution at the final concentration of
2 mM. Panc5.04 and Panc3.11 cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI-1640 with 10% fetal bovine serum (complete
medium, Life Technology, Grand Island, USA).

Transwell Migration Assay. The effect of C5o(OH),, and Gd@Cag,-
(OH),, on pancreatic cancer cell migration was detected by
using the COSTAR transwell (Corning Incorporated, MA, USA).
Panc5.04 and Panc3.11cells were harvested and suspended in
the serum-free medium. Cell suspensions were then placed into
the upper well at a concentration of 2 x 10* cells/200 L, while
the complete medium with 10% fetal bovine serum was placed
into the lower well (500 uL). The chamber was incubated for
18 h. The cells still on the top surface were scraped gently and
washed out with phosphate-buffered saline three times. The
cells migrated to the lower surface of the membrane and were
stained with crystal violet and counted in three independent
high-power fields (200 x).

Cell Invasion Assay. Panc5.04 and Panc3.11 cells (2 x 10%) were
suspended in 200 uL of serum-free medium and loaded onto
the upper compartment of an invasion chamber containing a
polycarbonate membrane with an 8 um pore size, which
was coated with a layer of extracellular matrix (ECM; Matrigel).
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and saline-treated Panc3.11 primary pancreatic tumor
xenograft mice (Supporting Information Figure S12).
The volume and weight of Panc5.04 cell and Panc3.11
cell primary tumor xenografts in the Gd@Cg,(OH),,-
treated group were significantly smaller than those
in the control group at the time point of 50 days
(Figure 6b,c and Supporting Information Figure S12,
all P < 0.01). As shown in Figure 6d, the body weight
showed no significant difference between the
Gd@Cg,(OH),,-treated group and saline-treated group.
Immunohistochemical (IHC) staining was performed
to detect the expression of metastasis-related genes
in primary tumors and metastatic tumors, includ-
ing HDAC1, MTA1, MMP-2, MMP-9, and RECK. Down-
regulation of HDAC1, MTA1, and MMP-2/9 was ob-
served, and up-regulation of RECK was detected in
the Gd@Cg,(OH),,-treated group (Figure 6e). These
results further suggest that Gd@Cg,(OH),, suppresses
pancreatic cancer metastasis by inhibiting HDAC1
expression in Panc5.04 cell xenograft mice.

CONCLUSIONS

In summary, Gd@Cg,(OH),,, as a potential HDAC1
inhibitor, suppresses pancreatic cancer cell invasion
and migration. Gd@Cg,(OH),, activates RECK ex-
pression by inhibiting the interaction of HDACI,
MTA1, and HIF-1o.in the promoter region. The interac-
tion of HDAC1 and MTA1 was inhibited by Gd@Cg,-
(OH),; according to both our computer modeling and
experimental validation, which explains the suppres-
sion of MMP-2/9 expression and the downstream
genes of HDAC1 and MTAT1 interaction, and thus the
metastasis of pancreatic cancer was inhibited by
Gd@Cg,(OH)5,.

After 24 h of Cgo(OH),, and Gd@Cg,(OH),, treatment, the in-
vasive cells migrated through the ECM layer to the complete
medium in the lower compartment and were stained with
crystal violet, and the number of invaded cells was counted in
three independent high-power fields (200x).

ROS Activity Detection. The ROS production within the cells
was measured by 2',7’-dichlorodihydrofluorescein diacetate
according to the manufacture's instruction (DCFDA; Beyotime
Ltd., Haimen, Jiangsu Province, China), and the O,"~ production
was analyzed by flow cytometry using dihydroethidium (DHE,
Invitrogen, Carlsbad, CA, USA) fluorescent probes. Cells (1 x 10°)
were incubated with the fluorescent probes (5 uM) for 1 h
at 37 °C, and the cells were washed and resuspended in
phosphate-buffered saline and analyzed under DCF (494/
519 nm) and DHE fluorescence (535/617 nm) using FACS Calibur
(Becton-Dickinson, Rutherford, NJ). The median fluorescence
intensity was quantitated by CellQuest software (Becton-
Dickinson) analysis of the recorded histograms.

siRNA Knockdown Assay. The siRNA knockdown assay was
performed according to the manufacturer's instructions. The se-
quences of siRNA are listed in Supporting Information Table S1
(Gene Pharma Co, Shanghai, China).

Western Blot. Antibodies were diluted according to manu-
facturer's instruction. Primary antibodies are as follows: HDAC1
(Beyotime Ltd., Haimen, China); HIF-1a, MMP-2, and MMP-9
(Abcam, Cambridge, UK); RECK (Abgent, San Diego, CA, USA),
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MTA1 (CST, USA); B-actin (Sigma-Aldrich, St. Louis, MO, USA);
total H3, H4, and acetylated H3K9, H3K14, H4K5, H4K8, and
H4K16 (Abcam, Cambridge, UK).

Immunofluorescence. For imaging analysis for Panc5.04 and
Panc3.11 cells treated by Gd@Cg,(OH),, or saline, the cells
were stained with 4,6-diamidino-2-phenylindole (DAPI, Sigma,
St. Louis, MO), and MTA1 antibody was coupled with FITC-
labeled secondary antibody (494 nm ex/em 520 nm, color,
green, Invitrogen, Life Technologies, Grand Island, USA); HDAC1
was indirectly coupled with tetramethylrhodamine-labeled
secondary antibody (550 nm ex/em 620 nm, red color,
Invitrogen) and was used for confocal analysis (Leica DM 4000
M fitted with polarizer, GE). Images were acquired and analyzed
by the LAS suite 3.0 software.

ChIP Assay (Chromatin Immunoprecipitation). The histone acetyla-
tion status of the RECK promoter was examined using the
chromatin immunoprecipitation assay. An antibody specific
for acetylated histone H3 was used to immunoprecipitate
formaldehyde cross-linked, sonicated chromatin from Gd@Cs,-
(OH),,-treated and untreated cells. Semiquantitative polymer-
ase chain reaction (PCR) was applied to detect the fragment of
the RECK promoter region in the complex (—130 site to +45 site;
primers are listed in Supporting Information Table S1). Briefly,
pancreatic carcinoma cells were fixed, and cell lysates were
sonicated on ice. The lysates were treated with anti-AcH3K9
antibody (Abcam, Cambridge, UK) overnight at 4 °C. Immune
complexes were collected on a salmon sperm DNA/protein A/G
agarose slurry and were then extracted from the beads with 1%
SDS and 0.1 M NaHCOs. The DNA was recovered and subjected
to PCR amplification.

Co-immunopreciptation Assay (ColP). Cell lysates were obtained
from Gd@Cg,(OH),,-treated and untreated cells, and the anti-
bodies were employed to probe the specific protein. IgG was
used as the control.

Knockdown of RECK by siRNA after Gd@Cg,(0OH),, Treatment for 48 in
Panc5.04 and Panc3.11 Cells. The expression of RECK was induced
by Gd@Cs,(OH),, treatment at 50 uM for 24 h. Then siRNA
knockdown was performed. Two specific RECK siRNAs were
used, and the scrambled siRNA was set as the negative control.
After successful transfection of siRNA in Panc5.04 and Panc3.11
pancreatic cancer cells, the expression of RECK, MMP-2, and
MMP-9 was determined by Western blot.

Establishment of Primary Pancreatic Cancer Mice Model. Five week
old female athymic nude mice (BALB/c, Vitalriver, Ltd., China)
were used to establish the primary pancreatic cancer model.
The procedure was approved by the Institutional Animal Care
and Use Committee of the PLA General Hospital. In addition,
experiments were conducted according to the “Guidelines for
the Welfare of Animals in Experimental Neoplasia” published by
the Coordinating Committee on Cancer Research. The tumor-
igenicity of Panc5.04 or Panc3.11 cells was first evaluated in
subcutaneous pancreatic cancer models. Cells (1 x 10%) were
injected into the subcutis (right flank) of nude mice (n = 3).
Tumor diameters were measured twice a week, and tumor
volumes were determined by using the formula width? x
length x 0.5. Subcutaneous tumors were excised until the
tumor diameter reached 10 mm. Then the tumors were cut to
1 mm? pieces and incubated into the pancreatic tail (n = 14).
Seven mice were injected with Gd@Cg,(OH),; by intraperitoneal
administration (1 xmol/kg/day, 100 ul). Another seven mice
were administered saline (100 uL). Mice were sacrificed at the
time point of 50 days; tumors were excised and weighed, and
the distant metastasis was checked. Tumors were paraffin-
embedded for IHC analysis. The expressions of HDAC1, MTAT,
MMP-2, and MMP-9 were stained with IHC.

Immunoprecipitation and Nudlear Extract Preparation. Nuclei were
isolated for Panc5.04 or Panc3.11 cells treated with saline
(control) or Gd@Cg,(OH),; (50 uM, 2 h), following the protocol
instructions (Applygen Technologies Inc., Beijing, China) and
incubated with HDAC1 or MTA1 antibody or IgG (negative
control). Immunoprecipitates were washed six times to avoid
the background. Concentrations of trace element Gd were
determined with an inductively coupled plasma mass spectrom-
eter (ICP-MS) (Thermo Elemental X7 series, UK) in standard mode.
Gd amount was detected by ICP-MS assay in our previous
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and other studies.®* % The experiment was repeated three
times; ** indicates statistically significant differences (P < 0.01).
Statistical Analysis. The results are represented as mean =+
standard deviation. A P value <0.05 was considered to be
significant. All statistical tests were two sided.
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