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Valeric Acid Suppresses Liver Cancer Development
by Acting as a Novel HDAC Inhibitor
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Liver cancer is the fastest growing cause of cancer deaths in the
United States due to its aggressiveness and lack of effective ther-
apies. The current preclinical study examines valeric acid (penta-
noic acid [CsH,¢0,]), one of the main compounds of valerian
root extract, for its therapeutic use in liver cancer treatment.
Anticancer efficacy of valeric acid was tested in a series of
in vitro assays and orthotopic xenograft mouse models. The mo-
lecular target of valeric acid was also predicted, followed by func-
tional confirmation. Valeric acid has a broad spectrum of anti-
cancer activity with specifically high cytotoxicity for liver
cancer in cell proliferation, colony formation, wound healing,
cell invasion, and 3D spheroid formation assays. Mouse models
further demonstrate that systematic administration of lipid-
based nanoparticle-encapsulated valeric acid significantly re-
duces the tumor burden and improves survival rate. Histone de-
acetylase (HDAC)-inhibiting functions of valeric acid are also re-
vealed by a structural target prediction tool and HDAC activity
assay. Further transcriptional profiling and network analyses
illustrate that valeric acid affects several cancer-related pathways
that may induce apoptosis. In summary, we demonstrate for the
first time that valeric acid suppresses liver cancer development
by acting as a potential novel HDAC inhibitor, which warrants
further investigation on its therapeutic implications.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the dominant type of liver cancer
that ranks as the sixth-most common malignant tumors and cancer-
caused deaths.' HCC is the fastest growing cancer type in the United
States, and its incidence has tripled during the past 20 years.” HCC
has a high mortality and poor prognosis® due to its aggressiveness
and lack of effective treatments. There is a tremendous unmet need
for the development of novel therapeutics for liver cancer.

Valerian (Valeriana officinalis), a member of Valerianaceae family, is
a perennial herb* and has been authorized by the US Food and Drug
Administration (FDA) as a complementary and alternative medicine
(CAM) to treat insomnia and other sleep-related disorders.” Valerian
has been found to have anticancer effect for liver cancer,’ and its
extraction compounds, such as iridoids, Valepotriates, and F3, have
been shown as promising antitumor agents in many types of can-
cer,””” which warrants further exploration to discover novel active
compounds from valerian for cancer treatment.'’
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Valeric acid (VA), or pentanoic acid (CsH;00O,), another major active
chemical ingredient of valerian, has been reported to have therapeutic
effects on diseases, like insomnia and seizures.'' Recent evidence has
also shown that VA can improve immunity against cancer.'” In addi-
tion, as an organic acid, VA shares a high structural similarity with the
known histone deacetylase inhibitor (HDACi) valproic acid
(CsH,60,),"* which is used as a treatment for seizure disorders, and
a FDA-approved suberoylanilide hydroxamic (SAHA)
(C14H20N,03), which is used to treat T cell lymphoma.'* However,
the antitumor activity of VA has not been examined in previous
publications.

acid

In this study, we aimed to explore the anticancer effect of VA with a
focus on liver cancer. In vitro assays, including cell proliferation,
migration, invasion, colony formation, and even 3D formation,
were performed. Lipid nanoparticles were used as a delivery vehicle
for the systemic administration of VA in animal studies. Functional
experiments were also carried out to confirm the HDACi role of
VA and its global transcriptional impact on cancer-related pathways.

RESULTS

Anticancer Effect of VA in Cell Proliferation Assay

We first used the MTS assay to measure cell proliferation to test the
anticancer effect of VA in 12 cancer and 2 normal cell lines. Signifi-
cant anticancer effects with a positive dose-dependent effect relation-
ship were observed in all tested cell lines. Figure S1 shows cell prolif-
eration results of VA at 5 different concentrations (0.5, 1, 2, 4, and
8 mM) for all 14 cell lines from 4 time points (24, 48, 72, and 96
h). The half-maximal inhibitory concentration (ICs,) at 72 h was pre-
sented in Figure 1A for all cell lines tested. Three liver cancer cell lines
were among the group with the lowest IC5, (Farage: 0.89 mM; HepG2:
0.948 mM; Hep3B: 1.439 mM: and SNU-449: 1.612 mM). However,
the ICs for liver normal cell line THLE-3 (3.097) was 1.92, 2.15,
and 3.27 times higher than that for liver cancer cells SNU-449,
Hep3B, and HepG2, respectively. A similar trend was also observed
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Figure 1. Anticancer Effect of Valeric Acid (VA) in Cell Proliferation and Colony Formation Assays

(A) The ICs values were calculated based on dose-response data (cell absorbance) at 72 h. Liver cancer cell lines Hep3B, SNU-449, and HepG2 were sensitive to the
treatment of VA. (B) Images from the colony formation assay using Hep3B, SNU-449, and HepG2 cells. (C) The relative colony formation efficiency showed a significant
reduction (~70%) of colonies formed after VA treatment in all 3 liver cancer cell lines tested. Data are presented as the mean + standard deviation (SD); NS, not significant; NC,

negative control.

for breast cancer and normal cell lines, which exhibited an overall
higher ICsy when compared to liver cells. Based on these data, we
chose to further investigate the anticancer efficacy of VA for liver can-
cer. We used the VA concentration of 0.85 mM for the rest of in vitro
assays because it displayed a low inhibitory effect (<10%) on normal
liver cells while maintaining a high inhibitory effect (>30%) on liver
cancer cells.

VA Suppresses Colony Formation, Migration, and Invasion of
Liver Cancer Cells

We then carried out the colony formation assay to assess the anti-
cancer effect of VA over a relatively long time period of 10 days. Fig-
ure 1B showed the images of the assay from 3 liver cancer cell lines.
Compared to the negative control (NC) group, VA significantly
reduced the number of cell colonies formed with the 67.99% =+
2.51% (p < 0.001) difference in cell colony number for Hep3B,
63.56% + 2.11% (p < 0.001) for SNU-449, and 69.83% + 2.71% (p <
0.001) for HepG2 (Figure 1C).

The wound healing assay also showed that cells (Hep3B, SNU-449,
HepG2) treated with VA had significantly slower healing rates
compared to the control groups (Figures 2A-2C). For Hep3B, the
average width of wound gaps in the VA group was 87.22% + 1.91%
of its initial width compared to 67.49% =+ 2.38% of the NC group
(p < 0.001) at 48 h. Similar significant differences were observed for
liver cancer cells SNU-449 and HepG2 (Figures 2D-2F).

The cell invasion assays showed that the VA-treated cells displayed
significantly weaker invasive abilities than the control group (Figures
2G-2I). For Hep3B cell, the average counts of invading cells in the VA
group were 156.67 + 12.04 cells compared to 334 + 9.2 cells from the
control group (p < 0.001). Similar significant differences were
observed for liver cancer cells SNU-449 and HepG2 (Figure 2J).

VA Suppresses 3D Spheroid Formation of Liver Cancer Cells
To investigate the effect of VA on 3D spheroid formation of liver can-
cer cells, Hep3B and SNU-449 cells, containing the luciferase reporter
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Figure 2. VA Inhibited Migration and Invasion of Liver Cancer Cells

(A-C) Images from the wound healing assay using 3 liver cancer cell lines, Hep3B (A), SNU-449 (B), and HepG2 (C). (D-F) Pictures were taken at 0, 24, and 48 h, and the bar
graphs present the percentage of wound recovery in Hep3B (D), SNU-449 (E), and HepG2 (F). The assay was performed in triplicate for each cell line. The wound in the NC
groups closed significantly faster than VA groups, respectively. (G-I) Images taken at 24 h from the Transwell invasion assay using liver cancer cell lines Hep3B (G), SNU-449
(H), and HepG2 (l). The average cell number was calculated from counting three randomly chosen different fields. (J) A significantly smaller number of cells was observed in
VA-treated groups. Data are presented as the mean + SD; NS, not significant; NC, negative control.

gene, were both cultured using a hanging drop method. The dynamic
changes of the cross-section of 3D spheroid formation were displayed
in Figures 3A and 3B. 3D formation efficiency calculated from the cell
cross-section area showed a significantly larger 3D spheroid formed
(p < 0.01) in the control group compared to the VA group at all
time points measured (24 h, 48 h, 72 h, and 96 h). Inhibition rates
were further calculated for both cell lines, which were 13.96% =+
4.57% at 24 h, 35.36% =+ 2.31% at 72 h, and 42.97% + 5.52% at 96 h
for SNU-449. A similar trend was observed for Hep3B cells but
with relatively lower inhibition rates compared to SNU-449 cells
(Figure 3C).

Measurements from the luciferase reporter gene assay for the 3D
spheroids formed showed similar results, as calculated above using
the cross-section area. The inhibition rates of VA raised from
11.42% + 2.8% to 49.3% + 3.9% (24 h to 96 h) for Hep3B cells, and
cells in the VA group climbed steadily from 18.87% + 2.8% to
55.07% + 1.8% (24 h to 96 h) for SNU-449 cells (Figure 3D).
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LV Increases the Inhibitory Effect for Liver Cells

We further tested whether VA encapsulated by a cationic lipid nano-
particle (LNP) can increase its efficacy against liver cancer cells using
the MTS assay. Figure 4A showed a brief structure of the LNP-encap-
sulated VA (LV). Figure S2 showed cell proliferation results of LV at 5
different concentrations (0.5, 1, 2, 4, and 8 mM) for all 14 cell lines
from 4 time points (24, 48, 72, and 96 h).

Our results showed that LV only increased the inhibitory effect for
liver cells compared to VA tested in the same concentration at all 4
time points. Examples of these results were presented in Figure 4B us-
ing data collected at 72 h for all 14 testing cell lines treated by 2 mM of
VA and LV. For Hep3B, the inhibition rate of LV (67.82% + 6.06%)
was over 16% higher than that of VA (51.75% + 5.06%, p = 0.024). For
SNU-449, the inhibition rate of LV was 70.71% + 4.57% compared to
55.93% =+ 3.88% for VA with a 15% increase (p = 0.013). For normal
liver cells (THLE-3), the inhibition rate was 33.15% + 2.04% for LV
and 24.86% =+ 2.21% for VA (p = 0.009). However, for HepG2 cells,
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Figure 3. VA Restrained the 3D Formation Ability of Liver Cancer Cells
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(A and B) The representative 3D spheroid models of Hep3B (A) and SNU-449 (B) cells treated by VA and NC. The relative 3D formation efficiency calculated from both the
cross-section area and fluorescence values showed a significant reduction at all time points (p < 0.01) in VA-treated groups compared to control groups. (C and D) Relative
inhibition rates of SNU-449 and Hep3B in response to VA were calculated by comparing the cross-section area (C) and fluorescence values (D) of VA groups to NC at 24, 48,

72, and 96 h, respectively. All assays were performed in triplicate.

the inhibition rate significantly dropped from 69.46% + 1.36% to
62.23% + 0.99% (p = 0.002) after LV encapsulation.

0.85 mM concentration of LV was further used to treat Hep3B, SNU-
449, and THLE-3 cells at different time points (24 h, 48 h, 72 h, 96 h)
because the same dose of VA was used in all above in vitro assays due to
its high inhibitory rate for liver cancer cells and low toxicity on normal
liver cells. Figure 4C illustrated that the inhibition rates in Hep3B and
SNU-449 were significantly higher (~>30%) than their own counter-
parts in THLE-3 (~<9%) at 48, 72, and 96 h (all p values less than 0.01).

Anticancer Effect of LV in Xenograft Mouse Models

Systematic delivery of LV via tail-vein injection was applied in mouse
models implanted by 2 liver cancer cell lines Hep3B"™ and SNU-
449™, Tumor sizes represented by bioluminescence signals from all
testing mice were shown in Figures 5A and 5B. The Hep3B tumors treated
by LV measured on day 14 (14d) (1.53 +0.42) x 107 and 21d (2.05+ 1.03)
x 107 were significantly smaller compared to the control group (14d:
(522 £ 1.82) x 107, p = 0.007; 21d: (6.93 £ 2.7) x 107, p = 0.015) (Fig-
ure 5C). Similar findings were observed in SNU-449 cell line models as
well (Figure 5D). The SNU-449 tumors of LV-treated mice (2.0 + 1.99)
x 107] started to show significant difference compared to the NC group

(7.4 £ 1.6) x 107, p = 0.047] on 14d of treatment. On 21d, the biolumi-
nescence value of LV group was (1.69 = 2.24) x 10’ compared to
(12.06 + 3.73) x 107 of the control group (p = 0.003). The inhibition rates
of LV were further calculated and shown in Figure 5E, which demon-
strated a reduction of 70% and 61% for Hep3B tumors and 70% and
86% for SNU-449 tumors on 14d and 21d of treatment, respectively.

Significant differences in mice survivorship were also detected be-
tween LV-treated and control groups (p = 0.029 for the Hep3B model;
p = 0.050 for the SNU-449 model). In the Hep3B model, the first
mouse in the NC group died on 24d of the experiment, whereas the
first mouse in the LV group died on 42d after starting treatment (Fig-
ure 5F). After the 70d, the survival rate was 50% in the LV group
compared to 0% in the NC group. In the SNU-449 model, mice in
the NC group died on the 27d, 36d, 49d, and 50d postinitiation of
treatment, whereas only one mouse succumbed on 39d, and the
rest of the mice all survived to the end of 70d in the LV-treated group
(Figure 5G), which yielded a 75% survival rate for the LV-treated
group and 0% survival rate for the NC group. When survival data
from both Hep3B and SNU-449 models were combined (Figure 5H),
the Mantel-Cox log rank test generated a highly significant difference
between LV-treated and control groups (p = 0.0018).
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Figure 4. LNP Increases Anticancer Efficacy of VA in
Liver Cancer

(A) A diagram of lipid nanoparticle-encapsulated VA (LV)
with double-layer structure composed by PEG bad egg/
cholesterol/DODMA. (B) Compared to the VA-treated
group, the increased anti-cell proliferation effect was only
detected for HCC cell lines Hep3B and SNU-449 but not
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Inhibitory impact of VA (2mM, 72h) on different cell lines

Mouse weight was monitored daily, and we did not find significant
difference between treatment and control groups. We observed the
redness and desquamation in the tail-injection site in 2 mice, 2 weeks
after starting the treatment. The redness and desquamation
completely disappeared about 2 weeks after the last treatment.

VA Functions as a Potential HDACi

The molecular formula, weight, and 3D structure of VA were illustrated
in Figure 6A. The top proteins predicted as VA targets by the SwissTar-
getPrediction tool were 5 solute carrier family members and 3 HDAC
enzymes (HDAC1, HDAC2, and HDACS3) (Figure 6A). The impact of
VA on HDAC activity was tested using the HDAC activity assay, and
results showed that both VA and LV significantly decreased HDAC ac-
tivity in all liver cancer cells at 24 h, 48 h, and 72 h after treatment. For
example, in the Hep3B experiment, the normalized HDAC activity of
the NC group was 0.623 + 0.156, calculated by optical density (OD)
values, and measured higher compared to 0.265 + 0.025 in the VA-
treated group (p < 0.001) and 0.24 + 0.039 in the LV-treated group
(p < 0.001) (Figure 6B). Similar results were observed in experiments
using liver cancer cells SNU-449 (Figure 6C) and HepG2 (Figure 6D).
Furthermore, LV inhibited HDAC activity (0.168 + 0.027) significantly
more than VA (0.315 + 0.05) in Hep3B cells (p = 0.021) at 72 h. A
similar trend was also detected in SNU-449 and HepG2 experiments.

Impact of VA on Transcriptome Associated with Cancer-Related
Pathways

A gene expression array (Affymetrix) was performed to better under-
stand potential anticancer mechanisms of VA in liver cancer. Treat-
ment of VA caused expression changes of 2,003 genes in liver cancer
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cells (Hep3B); of these, 880 genes were downre-
gulated (<—2-fold, Bonferroni p < 0.05), and
1,123 genes were overexpressed (>2-fold, Bon-
ferroni p < 0.05). Input of these genes into the
Ingenuity Pathway Analysis (IPA) tool (Ingenu-
ity Systems; https://digitalinsights.qiagen.com/)
generated top networks with functional rele-
vance to “Cell death and survival; gastrointes-
tinal disease; organismal injury and abnormal-
ities.” Figure 7A summarized key features
from these networks, which included multiple cancer- and
apoptosis-related pathways that are significantly modulated by the
VA treatment. For example, the FOXPI1/XBP1 pathway was repressed
and resulted in the downregulation of oncogene SLC38A1 (Network 2
in Figure 7A). Moreover, MDM2 (a negative regulator of p53) was
downregulated, followed by the suppression of the MET/MDM?2,
which further affected genes downstream of the p21/CDKNIA
pathway and downregulated oncogene CCNDI (Network 3).
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Figure 7B illustrated that expression levels of 5 selected genes were all
consistent between the array date and qPCR results, which confirmed
that one gene was overexpressed (BAKI), 2 were downregulated
(BCL2L1 and EZ2F3), and 2 did not have significant expression
changes (BCL2 and BAX) after VA treatment.

The caspase-3 (CASP3) activity was measured to examine and
confirm the predicted impact of VA on apoptosis. Figure 7C showed
that the CASP3 activity in the VA-treated group was significantly
higher compared to all 3 control groups (inhibited apoptosis + VA,
NC, and inhibited apoptosis + NC) in all 3 cell lines tested (all p
values < 0.001). The CASP3 specific activity (SA) also showed a
similar trend: the VA-treated group had significantly higher SA values
compared to the control group (p < 0.001) (Figure 7D).

DISCUSSION

The anticancer efficacy of VA, a small compound and a major ingre-
dient of valerian, has been examined in this study. Our results demon-
strated for the first time that VA has a broad spectrum of anticancer
activity with specifically high cytotoxicity for liver cancer by serving
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Figure 5. LV Suppressed HCC Development and Improved the Survival Rate in the Mouse Study

(A and B) The images of bioluminescence of HCC implanted in xenograft mice of Hep3B (A) or SNU-449 (B), from 0O to the 21st day of treatment, were displayed. (C and D) The
bioluminescence value was significantly lower in the LV group compared to NC, at 14 and 21 days of treatment, in both Hep3B (C) and SNU-449 (D) cell line mice models. (E)
The inhibition rates were calculated by comparing the biofluorescence signal of the LV group to that of NC. (F and G) LV also improved the survival rate of mice implanted with
Hep3B (F) or SNU-449 (G) cells compared to NC groups. (H) Combined survival curve of both Hep3B and SNU-449 implanted mice. Data are presented as the mean + SD;

NS, not significant; NC, negative control.

as a novel HDACI. The IC5, data generated from a series of VA con-
centrations in the cell proliferation assay showed that VA has the
strongest tumor-suppressing role for liver cancer cells. More impor-
tantly, its anti-cell proliferation activity was less evident for normal
liver cells, suggesting that VA could be a promising agent for liver
cancer treatment.

This anticancer efficacy of VA for liver cancer is further supported by
results from other in vitro assays. Compared to the cell proliferation

assay, the colony formation assay allows a longer time period (10-
14 days) to evaluate cell survival in response to various treatment con-
ditions. As expected, ~30% inhibition rate was observed in the cell
proliferation assay, and approximately a 60% inhibition rate was
detected in the colony formation assay when treated with the
same dose of VA. Moreover, VA significantly reduced (>50%) migra-
tion and cell-cell interaction of liver cancer cells, as observed in the
wound healing and Transwell invasion assays. Results from the 3D
spheroid formation assay demonstrated more physiologically relevant
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(A) Three members of HDAC (HDAC1, HDAC2, and HDAC3) were predicted to be the potential targets of VA by the Swiss Target Prediction Tool. (B-D) The relative HDAC activity
values in the VA- or LV-treated groups were significantly lower than the activity values in NC at 24, 48, and 72 h in Hep3B (B), SNU-449 (C), and HepG2 (D) cells. No significant
differences were observed between the LNP and NC groups. Data are presented as the mean + SD; NS, not significant; NC, negative control, *p < 0.05; **p < 0.01; ***p < 0.001.

information about the tumor-suppressing activity of VA and may
provide more predictive data for in vivo tests.

Before starting animal studies, we first tested lipid nanoparticle as a
delivery vehicle for the systemic administration of VA. The LNP
used in this study has been modified as a drug carrier specifically tar-
geting liver cancer cells.'® LNP, at different concentrations (1 mM,
2 mM, 4 mM, 8 mM), showed no impact on cell proliferation as
compared to water controls (data not shown), which indicated the
safety of this LNP as reported in previous studies.'® More impor-
tantly, LV showed a significantly stronger antiproliferative effect
than naked VA only for liver cancer Hep3B, SNU-449, and normal
liver THLE-3 cells but not for liver cancer HepG2 and other cancer
cell lines tested. This is probably due to the different affinities
possessed by the LNP to different cell types. Both Hep3B and SNU-
449 are HCC and represent the most common type of primary liver
cancer. However, HepG2 is considered to be a hepatoblastoma, a
rare type of liver cancer in adults but common in children.'” Our re-
sults from the cell proliferation assay also indicate that LV at 1 mM
has over a 30% inhibition rate for HCC cells but less than 10% for
normal liver cells, which further suggested that LV is a great potential
agent for liver cancer treatment because of its HCC-related high cyto-
toxicity and normal cell-related low toxicity.

LV, via tail-vein injection, was used in our animal studies to treat ortho-
topic xenograft mice, established by injecting tumor cells directly into
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mouse liver. Compared to HCC subcutaneous models, the orthotopic
model closely mimics the development of human HCC by imitating
similar collagen distribution and blood supply in tumor growth and
the ability to take up LNP more efficiently."® Our results show that
mice that received LV treatment experienced a significantly decreased
tumor burden (>90% after 21d) but also had a significantly improved
survival rate in both Hep3B and SNU-449 models, indicating the
high effectiveness and feasibility of LV in HCC treatment. One of the
main reasons for high HCC mortality is the cancer’s high metastatic po-
tential."” Data from the orthotopic HCC model showed that LV may
also prevent liver cancer cells from metastasizing. In our animal exper-
iment, LV might not have achieved the maximum therapeutic potential
because the blood supply in tumors of the xenograft model is usually
insufficient due to the hindrance of angiogenesis by the fibrotic tissues
deposited in the surrounding region of implanted tumor cells.'® Taken
together, results from both in vitro and in vivo assays suggest LV as a
new and effective therapeutic agent for liver cancer treatment.

Possible molecular mechanisms accounting for the anticancer effect
of VA were also investigated by first searching for its predicted pro-
tein targets based on chemical structure similarities. Three HDAC en-
zymes (HDACI, HDAC2, and HDAC3) are among the top hits of
predicted targets, suggesting VA as a potential HDACi. This predic-
tion was confirmed by findings from the HDAC activity assay. HDAC
is a hallmark in cancer and plays a crucial role in gene-transcription
regulation, controlling the proliferation, cell survival, differentiation,
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Figure 7. Global Transcriptional Impact of VA on Cancer-Related Networks

(A) A combined network from genes significantly affected by VA. These networks include “Cancer; cellular development; organismal injury and abnormalities,” Cell death and
survival, gastrointestinal disease; organismal injury and abnormalities, and “Cellular development; cellular growth and proliferation; connective tissue development and
function.” (B) Consistent expression results from both array and gPCR analyses for 5 selected genes. (C) Significantly increased CASP3 activities were detected in the VA-
treated group compared to NC in all cell lines. (D) In SNU-449, Hep3B, and HepG2 cells, VA-treated groups have significantly higher SA values compared to the control
groups, respectively (p < 0.001). Values represent the mean + SD. NS, nonsignificant; NC, negative control. *p < 0.05; **p < 0.01; ***p < 0.001.

and genetic stability.”" Therefore, HDACs are among the most prom-

ising therapeutic targets for cancer treatment. So far, there are 4 FDA-
approved HDAC: that are all used to treat lymphoma and over one
dozen HDACi being tested to treat solid tumors in different phases
of clinical trials (by 2018).%" Studies have demonstrated that HDACs
strongly suppress cancer cell apoptosis by decreasing the activity of
apoptosis-key effector CASP3.”* Previous studies have reported that
inhibition of HDAC can increase the activity of CASP3 and promote
apoptosis,”” which was exactly what we observed in our study.

HDAGs are a superfamily with 18 members,”* and HDACs have been
implicated in multiple types of cancer with different expression levels.
For example, HDAC1, -2, and -3 are frequently upregulated in pri-

20

mary human HCC.
oma.”’ In breast cancer, the common overexpressed HDACs have
been found to be HDACI, -2, -6, and -8.%° Researchers have reported
that HDACS3, a predicted target of VA, was required for the self-
renewal of liver cancer stem cells.”” These differential expressions
of HDAC genes may help explain the high therapeutic effect of VA
on HCC cells because all 3 overexpressed HDACs in HCC are targets
of VA. Therefore, VA could function as a novel HDACi and an
emerging approach for HCC treatment.

HDACH4, -5, -7, and -9 are overexpressed in gli-

The global impact of VA on the human transcriptome revealed more
cancer-related pathways and networks affected by VA treatment. The
intrinsic apoptotic pathway is reported to be the main mechanism for

Molecular Therapy: Oncolytics Vol. 19 December 2020 15


http://www.moleculartherapy.org

HDAC:i to induce apoptosis in cancer cells.”® Bcl-2 family members,
such as BCL-2, BCL-XL, BAX, BID, and BAKI, are frequently
observed to be significantly regulated by HDACI via an intrinsic
apoptotic pathway, therefore activated CASP3, CASP7, and eventu-
ally cell apoptosis.”® Moreover, STATI- and p53-related MDM2/
MET? and p21°-related pathways are reported to take part in
HDACi-induced apoptosis in cancer cells.’’**> However, apoptotic
pathways, like CDKN2A/CCND, have not been reported to be affected
by HDACi before, which may provide a new direction for further
research.”>**

In summary, we demonstrate for the first time that VA suppresses
liver cancer development possibly by acting as a novel HDACi in
this study. We also show the success of using LNPs as a delivery
vehicle to increase treatment feasibility of VA. These findings repre-
sent the key preclinical steps in the development of a new chemother-
apeutic with HDACi functionality. Further investigation of LV is
warranted to explore its therapeutic potential for the treatment of
HCC and cancer in general.

MATERIALS AND METHODS

Cell Lines and Culture Medium

All human cell lines were purchased from American Type Culture
Collection (ATCC; USA) and cultured in ATCC-suggested medium
and conditions. Cell lines included in the study were HCC cells
Hep3B and SNU-449, hepatoblastoma cell HepG2, normal liver cell
THLE-3, breast cancer cells MCF-7 and MDA-MB-231, normal
breast cell MCF-10A, lung cancer cell A549, glioblastoma cell U-87
and A172, cervix adenocarcinoma cell HeLa, lymphoma cell Farage,
prostate cancer cell DU145, and acute promyelocytic leukemia cell
HL-60.

Transduction of Luciferase Lentivirus

To better image tumor sizes, both Hep3B and SNU-449 cells contain-
ing cytomegalovirus (CMV)-Firefly luciferase-internal ribosome
entry site (IRES)-Puro lentivirus (Cellomics, USA) were constructed
according to the standard protocol. After a 12-day selection on me-
dium with Puro (I pg/mL), stable fluorescence signals of both
Hep3B-luciferase (Luc) and SNU-449-Luc were then confirmed by
adding luciferin substrate and measured by the Microplate Luminom-
eter (Promega, USA).

Preparation of LV

VA was purchased from Sigma-Aldrich (USA) and diluted in culture
medium to a working concentration for all in vitro assays. The cationic
liposomes were prepared with minor modifications.'® A prewarmed
100% ethanolic lipid solution composed of DODMA/EggPC/Chol/
PEG-lipid at 45:15:35:5 (molar ratio) was mixed with 20 mM HEPES
(pH 7.4) solution at 60°C in a water bath. Ethanol was removed by dial-
ysis using a molecular weight cutoff (MWCO) 10,000-dalton Float-A-
Lyzer (Spectrum Laboratories, Rancho Dominguez, CA, USA) and
then sterilized by passing the mixture through a 0.22-um syringe filter
(Millipore, Billerica, MA, USA). LV was prepared by mixing cationic
liposomes with an equal volume of VA in 20 mM HEPES buffer at
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room temperature for 15 min and centrifuged at 2,100 x g rpm for
15 min. For in vitro experiments, the LV mixture was diluted in culture
medium to testing concentrations. For tail-vein injection in animal ex-
periments, LV was centrifuged and concentrated to the final volume of
100 pL using the Amicon 50K centrifugal filter (Merck Millipore,
USA). The LNP-encapsulated ddH,O were used as an NC.

MTS Cell Proliferation Assay

MTS cell proliferation assay was used to determine the anticancer
ability of VA and LV for 14 cell lines. The assay was performed by
adding 20 pL of MTS solution (Promega, USA) into each well in a
dark hood at different incubation time points (24 h, 48 h, 72 h, 96
h). A Microplate Spectrophotometer (BioTek, USA) was used to
determine the absorbance at the wavelength of 450 nm. The assay
was performed in triplicate. The proliferation inhibition rate was
calculated based on the formula: inhibition rate = (1 — absorbance
of treated sample/absorbance of control sample) x 100%. ICsgs
were also calculated based on dose-response data (cell absorbance)
by using GraphPad Prism (version 8.2.1).

Colony Formation Assay

Approximately 2,000 cells of Hep3B, SNU-449, or HepG2 were
seeded into each well of 6-well cell-culture plates (Falcon, USA) in
2 mL of the completed medium. The cells were treated with either
VA with final concentration of 850 uM (treatment group) or the
same amount of ddH,O (control group) and incubated in a humidi-
fied incubator at 37°C with 5% CO, for 10 days. Cells were then fixed
by 4% paraformaldehyde and dyed with crystal violet (Sigma-Aldrich,
USA). This assay was performed in triplicate, and the number of col-
onies with more than 30 cells was counted.

Wound Healing Assay

Approximately 1 X 10° cells of Hep3B, SNU-449, or HepG2 were
seeded into each well of 6-well tissue-culture plates in triplicate.
When the cell monolayer reached 90% confluence, a straight wound
scratch in each well was gently made by a 100-pL pipette tip. 2 mL
culture medium with VA at concentration of 850 uM was added to
pregrown plates to replace the original medium (treatment group).
Medium with the same volume of ddH,O as VA were added to con-
trol plates. The plates were then incubated at 37°C for another 48 h.
Images were taken at 0 h, 24 h, and 48 h after the wound for the
average of wound-closure measurement.

Transwell Invasion Assay

1 x 10* of Hep3B, SNU-449, or HepG2 cells were seeded in triplicate
into each upper layer of the culture insert of a 3.0-pum pore-size
Transwell chamber (Falcon, USA) with 100 uL medium containing
20% Matrigel (Corning, USA), 850 pM VA (or ddH,0), and 0.1%
fetal bovine serum (FBS) in each well. After 24 h incubation at
37°C, cells invaded through the membrane were fixed by 4% parafor-
maldehyde and dyed with crystal violet. The surface of the upper layer
of the membrane was cleaned, and cells in different fields of view were
counted using an inverted microscope (Olympus, Japan) to get an
average sum of cells.
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3D Spheroid Formation Assay

Approximately 500 Hep3B-Luc and SNU-449-Luc cells were added in
30 pL of solution, which contained Corning Matrigel Matrix High
Concentration (HC), Phenol Red-free, and Lactate Dehydrogenase-
Elevating Virus (LDEV)-free (Corning, USA) and complete culture
medium. VA (treatment group) or an equal amount of ddH,O (NC
group) was added into the cell drops after 24 h incubation. The
cross-section area was used to determine the 3D volume, which was
calculated by Image] (version 1.52a; National Institutes of Health,
USA). The cross-section area inhibition rate = (1 — cross-section
area of treated sample/cross-section area control sample [NC]) x
100%. In vitro bioluminescence signals were also determined by
transferring cells to a 96-well plate in the presence of D-luciferin
(150 pL/mL) (PerkinElmer, USA). The assay was performed in trip-
licate, and the 3D spheroid-formation inhibition rate was calculated
using the formula: inhibition rate = (1 — absorbance of treated sample
[or mock sample]/absorbance of control sample [NC]) x 100%.

Mouse Models and In Vivo Fluorescence Imaging

Athymic nude male mice (N = 16) were purchased from The Jackson
Laboratory (Sacramento, CA, USA). Experimental protocols were
approved by the Yale University Institutional Animal Care and Use
Committee (IACUC; number 2013-11504) and adhered to the NIH
Guide for the Care and Use of Laboratory Animals. A freshly prepared
mixture (50 pL complete culture medium, 5 x 10> Hep3B-Luc or SNU-
449-Luc cells, 50 uL Corning Matrigel Matrix HC, Phenol Red-free,
and LDEV-free) was directly injected into mouse liver under inhalation
isoflurane anesthesia. The injection point was 2 mm below the angle,
which formed by the xiphoid and the left costal margin of the mouse.
All mice were then maintained for 15 days and examined by In Vivo
Imaging System (IVIS) Lumina LT Imaging System (Xenogen/Caliper
Life Sciences, USA) with Living Image 4.3.1 software (Caliper Life Sci-
ences, USA). Intraperitoneal (i.p.) injection of D-luciferin was used to
provide substrate bioluminescent imaging. All mice were then divided
into an LV group (LNP-VA) (N = 4) and NC group (LNP-ddH,0)
(N =4). 100 pL LV at a concentration of 100 mg/kg was administered
to each mouse by tail injection once a week for 4 consecutive weeks, and
images of tumor sizes were collected every week. Mice were monitored
daily for 70 days to collect survivorship data. Mice were sacrificed in a
CO, chamber when ethically necessary due to clinical symptoms or
substantial loss in body weight. To compare survival differences be-
tween LV-treated and control groups, log rank (Mantel-Cox) test
was used for survival analysis in GraphPad Prism (version 8.2.1).

Swiss Target Prediction Assay

Potential molecule targets of VA were predicted using the SwissTar-
getPrediction tool that used 2D and 3D structure of VA (http://www.
swisstargetprediction.ch/).”®

HDAC Colorimetric Activity Assay

Effects of VA on HDAC activity in Hep3B, SNU-449, and HepG2
cells were evaluated in triplicate using the Colorimetric HDAC Activ-
ity Assay Kit (BioVision, USA). Cells were treated with VA (final con-
centration of 850 uM), LV (final concentration of 850 uM), or the

same volume of ddH,O (NC group). Absorbance was assessed by mi-
croplate spectrophotometer (BioTek, Winooski, VT, USA) at the
wavelength of 405 nm. HDAC activity was presented as the relative
OD value per microgram protein sample.

Gene Expression Profiling and Pathway-Based Network
Analyses

The impact of VA on genome-wide gene expression was assessed us-
ing the Affymetrix Human Clariom S Assay (Thermo Fisher Scienti-
fic, USA). After 48 h treatment with either VA (final concentration of
850 uM) or ddH,O, total RNA was isolated from Hep3B cells using
the RNeasy Mini Kit (QIAGEN, Germany). 5 pg of total RNA from
each sample was sent to Yale Center for Genome Analysis for expres-
sion microarray analyses. Expression arrays for 3 VA-treated samples
and 5 control samples in 2 batches were performed (GEO:
GSE140280). Batch effects were adjusted by Affymatrix Transcrip-
tome Analysis Console (TAC) Software. Genes with more than 2-
fold expression changes were further investigated for network and
functional inter-relatedness using the IPA (Ingenuity Systems;
https://digitalinsights.qiagen.com/). Expressions of several selected
genes (E2F1, E2F3, BAX, Bcl-2, and BcIX) were measured using
qPCR for confirmation. The housekeeping gene, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), was used as the control gene,
and PCR primers were listed in Table S1. All qPCR reactions were
conducted in triplicate. Relative expression levels of a target gene
were calculated using the 274" method.

CASP3 Activity Assay

The CaspACE Assay was conducted in a total volume of 100 pL in
96-well plates according to the manufacturer’s protocol. Briefly,
2 x 10° cells cultured in 2 mL medium were treated with either
850 uM VA or the same amount of 1 x PBS (NC) to create the
induced apoptosis groups (72 h after treatment). 3 pL Z-VAD-
FMK inhibitor was added at 72 h to create the inhibited apoptosis
groups. Protein concentration of each sample was determined by
the bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific,
USA), and the p-Nitroaniline (pNA) Calibration Curves were also
made by a colorimetric assay system. CASP3 SA was calculated as
the following formulas: SA = (pmol pNA liberated per hour)/pg
protein.
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