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Abstract: Hepatocellular carcinoma (HCC), one of the most deadly diseases all around the world. HBV infection is
a causative factor of HCC and closely associated with HCC development. Ribonucleotide reductase (RR) is a key
enzyme for cellular DNA synthesis and RR small subunit M2 (RRM2) is highly upregulated in HCC with poor survival
rates. We have previously shown that HBV can activate the expression of RRM2 and the activity of RR enzyme for
the viral DNA replication in host liver cells. Thus, RRM2 may be an important therapeutic target for HCC and HBV-
related HCC. Pterostilbene, a natural plant component, potently inhibited in vitro RR enzyme activity with the IC_, of
about 0.62 uM through interacting with RRM2 protein, which was much higher than current RRM2 inhibitory drugs.
Pterostilbine inhibited cell proliferation with an MTT IC_ of about 20-40 pM in various HCC cell lines, causing DNA
synthesis inhibition, cell cycle arrest at S phase, and accordingly apoptosis. On the other hand, the compound sig-
nificantly inhibited HBV DNA replication in HBV genome integrated and newly transfected HCC cells, and the EC_ for
inhibiting HBV replication was significantly lower than the IC for inhibiting HCC proliferation. Notably, pterostilbene
possessed a similar inhibitory activity in sorafenib and lamivudine resistant HCC cells. Moreover, the inhibitory ef-
fects of pterostilbine against HCC proliferation and HBV replication were significantly reversed by addition of dNTP
precursors, suggesting that RR was the intracellular target of the compound. Finally, pterostilbine effectively inhib-
ited HCC xenograft growth with a relatively low toxicity in nude mouse experiments. This study demonstrates that
pterostilbene is a novel potent RR inhibitor by targeting RRM2. It can simultaneously inhibit HCC proliferation and
HBV replication with a potential new use for treatment of HCC and HBV-related HCC.

Keywords: Hepatocellular carcinoma (HCC), hepatitis B virus related hepatocellular carcinoma (HBV-related HCC),
pterostilbene, ribonucleotide reductase small subunit M2 (RRM2), DNA synthesis inhibition

Introduction

Hepatocellular carcinoma (HCC) is one of the
most deadly diseases all around the world [1].
Hepatitis B virus (HBV) infection is the leading
cause of incident cases of liver cancer and
deaths, especially in East Asia and Africa [2].

Early-stage HCC is usually treated with surgery,
and in some cases liver transplantation is
required. However, most patients present with
unresectable advanced liver cancer, which
requires local treatment or systemic therapy
[3]. Unfortunately, systemic therapies for HCC
are still limited and prognosis for advanced
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HCC generally poor. Novel anti-HCC and anti-
HBV-related HCC agents with novel targets or
mechanisms are still urgently needed.

Ribonucleotide reductase (RR) catalyzes the
conversion of ribonucleotides (NDPs) to deoxy-
ribonucleotides (dNDPs), which are the building
blocks for DNA synthesis and thus indispens-
able for cell proliferation. The holoenzyme of
RR consists of large subunit M1 (RRM1) and
small subunit M2 (RRM2) or RRM2B [4]. Pan-
cancer expression profiling studies showed
that the expression of RRM2 and RRM1 are
upregulated in multi-types of cancers, and inhi-
bition of RR activity has been proven to be an
important anticancer strategy [5-7]. It has been
shown previously that in HCC tissues RRM2 is
upregulated compared with adjacent normal
liver tissues [7, 8], and HBV which has no RR
genes can activate RRM2 expression and RR
enzyme activity in host liver cells thereby con-
tributing to HBV DNA replication and HCC prolif-
eration [9-11]. The high expression of RRM2
may be a poor prognostic factor for HCC and
HBV-related HCC patients as well [12].
Therefore, RRM2 has been assumed to be a
promising therapeutic target for HCC and HBV-
related HCC treatment.

Several RRM2 inhibitors are currently clinically
used for anticancer and antivirus therapy [5].
Hydroxyurea (HU), a representative RRM2 in-
hibitor, is used in clinical treatments for glio-
blastoma, chronic myelogenous leukemia, acu-
te myelocytic leukemia, and sickle cell anemia
alone or combined with other drugs for decades
[13-16]. Recently, N-(4-(3,4-dihydroxyphenyl)-
5-phenylthiazol-2-yl)-3,4-dihydroxybenzamide
(COH29) was shown to possess higher RRM2
inhibitory activity and undergoes an anti-can-
cer phase | clinical trial [17]. We have also
identified osalmid together with its deriva-
tive 4-Cyclopropyl-2-fluoro-N-(4-hydroxyphenyl)
benzamide (YZ51) as potent inhibitors of RRM2
against HBV replication and HCC proliferation,
respectively [11]. However, the target specifici-
ty, efficacy, and safety of these RRM2 inhibitors
still need to be improved.

Pterostilbene (4-[(E)-2-(3,5-Dimethoxyphenyl)
ethenyl]phenol) is known as a natural plant
product and primarily found in blueberries and
grapes [18]. It is a dimethylated derivative of
resveratrol but has a much greater bioavailabil-
ity compared with resveratrol [19]. It has been
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known that pterostilbene possesses multiple
biological activity including antitumor effects
[20]. In this study, using RRM2 3-dimentional
structure-based computer-assisted screening
of drug-like compound libraries, RR enzyme
activity and cellular assays, as well as target
and action mechanism validations, we for the
first time identified pterostiloene as a potent
inhibitor for RR activity and HBV DNA replica-
tion by interacting with RRM2. It simultaneously
inhibited HCC proliferation and HBV replication
potently. Mouse xenograft experiments showed
that the compound effectively inhibited HCC
cell growth with a relative low toxicity in vivo.
Thus, the findings suggest a potential novel use
of pterostilbine for treatment of HCC and espe-
cially HBV-related HCC.

Material and methods
Compounds

Pterostilbene (CAS Registry Number: 537-42-8)
and COH29 (CAS Registry Number: 1190932-
38-7) were bought from Topscience (Shanghai,
China). Hydroxyurea (HU) was bought from
Sigma-Aldrich (St. Louis, MO). Sorafenib was
bought from Selleck (Shanghai, China). La-
mivudine (2’-3’deoxy-3’-thiocytidine, 3TC) was
bought from GlaxoSmithKline (Brentford, Lon-
don).

Virtual screening

The crystal structure of RRM2 protein was
retrieved from the protein data bank (PDB
code: 30LJ), and Glide5.5 (Schrodinger, LLC,
New York, NY, USA) was used for docking.
Remove the crystallographic water molecules
in 30LJ. Select F244, D271, R330 and E334 to
define the center of the grid box.

Cell culture and transfection

Huh7 and Hep3B, the human hepatocarcinoma
cell lines were purchased from the Cell Bank
(Shanghai, China), HepG2, the human hepato-
carcinoma cell line was purchased from the
ATCC. HepG2.2.15, the human hepatocarcino-
ma cell line (contains 1.3-copy HBV genome),
was purchased from the China Center for Type
Culture Collection (CCTCC, Wuhan, China). The
sorafenib-resistant HepG2 cells (HepG2-SR)
and its counterpart wild-type HepG2 cells
(HepG2-WT) were kindly provided by Dr. Xiujun
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Cai [21]. Culture conditions and cell transfec-
tion method refer to the previous introduction
[11].

RR activity measurements

The expression and purification method of
RRM1 and RRM2 proteins refer to the previous
introduction [22], A dCDP formation assay was
used in RR activity measurement [22, 23]. The
calculation of RR activity and inhibition analysis
refer to our previous introduction [11].

Binding analysis using fluorescence quenching

To assay the binding between small compounds
and proteins as described previously [24].
Pterostilbene was titrated into a solution of 1
UM RRM2 at 2.5-100 pyM in two fold incre-
ments. The emission spectra were recorded
over 290-400 nm using a fluorescence spec-
trophotometer. The K vaule was calculated as
described previously [24].

Cancer cell growth inhibition assays

Cells were seeded into 96-well tissue culture
plates at 5,000 cells per well. The next day, an
equal volume of 2X drug-containing media was
added. The cells were cultured for 3 additional
days, and then cell growth was determined by
MTT assays, and the results were measured at
490 nm.

Clonogenic assays

Cells were plated in 6-well plates at 10,000
cells per well, treated with a serial concentra-
tions of pterostilbene for 14 days. Fix the colo-
nies in methanol for 30 minutes and stain the
colonies with 0.5% crystal violet for 30 min-
utes. The number of colonies (>50 cells) were
scored using optical microscope. Colony forma-
tion rate was calculated as the number of colo-
nies/10,000 x 100%.

Apoptosis analyses

Cells were plated in 6-well plates and treated
with a series of concentrations of pterostilbene
for 48 h. Then, stain the treated cells with
V-FITC and PI for 30 minutes. Apoptosis was
determined using Focusing Cytometer (FC500
MPL Beckman Coulter).
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Determination of HBV DNA

HCC cells were seeded in 6-well plates. The
next day, the cells were treated with a series
concentrations of pterostilbene for 3 days, and
then the culture media were changed with fresh
pterostilbene and treated for another 3 days.
After totally 6-day exposures, the cells were col-
lected. As described previously [25], total DNA
was purified from the cultured cells with the
NucleoSpin DNA RapidLyse kit (Macherey
Nagel, Germany). Measure the HBV DNA levels
using Real-time polymerase chain reaction
(Q-PCR). Sense and antisense primers were
(fwd: GTTGCCCGTTTGTCCTCTAATTC, rev: GGA-
GGGATACATAGAGGTTCCTTGA). Q-PCR was per-
formed with LightCycler 480 SYBR Green mix
kit (Roche) using the 480Q-PCR System
(Roche).

EdU incorporation assays

Cells were seeded in 96-well plates. The next
day treat the cells with a serial concentrations
of pterostilbene for 24 h, then asses the DNA
synthesis by the Cell-Light EAU DNA cell prolif-
eration kit (RiboBio Co., China). Images of the
cells were captured with a fluorescence
microscope.

Cell cycle analyses

Plate the cells in 6-well plates and treat the
cells with pterostilbene for 24 h. Cells were
fixed in 70% ethanol at -20°C over night. Wash
the cells for two times in PBS and staine with
RNase A and PI for 30 min. Focusing Cytometer
(FC500 MPL Beckman Coulter) was used to
determine the cell cycle distribution.

Immunoprecipitation coupled with HPLC/MS/
MS analysis

The HepG2.2.15 cells were transfected with
the expression vectors for FLAG-EV or FLAG-
RRM2 [26]. Then the transfected cells were
treated with or without pterostilbene for 24 h.
Wash the cells for three times in PBS. The cell
lysates were then analyzed by immunoprecipi-
tation using anti-FLAG® M2 magnetic beads
(Sigma-Aldrich). The eluted protein was verified
by western blotting with FLAG antibody (CST).
The pterostiloene bound to the eluted protein
was measured using HPLC/MS/MS at Zhejiang
University Analysis Center of Agrobiology and
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Environmental Science. HPLC/MS/MS analy-
ses were performed using an Agilent 6460
triple quadrupole mass spectrometer (Agilent
Technologies, USA) equipped with an electro-
spray ionization (ESI) source, operated in the
negative ion multiple-reaction monitoring
(MRM) mode. Agilent Mass Hunter Workstation
was used for data acquisition and processing
[271.

Mouse tumor xenograft experiments

4-week old nude mice (nu/nu, male), brought
from Shanghai SLAC Laboratory Animal Co.,
China) were subcutaneously injected with 1 x
10" HepG2 cells on their right flanks. After the
tumors’ size reached 100 mm?3 each mouse
were treated with pterostilbene (50 or 100 mg/
kg/day) dissolved in the solvent DMSO by intra-
peritoneal injection for 2 weeks. Tumor sizes
were recorded by measurement of two perpen-
dicular diameters of the tumors during the
2-week period by the formula 1/2 x width? x
length. After 2 weeks harvest the tumors and
weigh. The animal experiments were allowed in
the ethical approval with the Laboratory Ani-
mals Welfare Ethics Review Committee of
Zhejiang University (ZJU20170522).

Measurements of serum ALT and AST activity

After 2-week treatments, collect serum sam-
ples from each group of the mice. The ALT
(Alanine aminotransferase) and AST (Aspartate
aminotransferase) activities were measured at
Zhejiang Chinese Medical University Laboratory
Animal Research Center.

Histopathological examination

Fix the heart, liver, spleen, lung, and kidney tis-
sues of mice in formalin, embed in paraffin, and
cut into 3-5 um sections, stain with hematoxy-
lin and eosin (H&E), and examine by optical
microscope at x 200 magnification.

Statistical analysis

Data were analyzed with GraphPad Prism 8.0.1,
all values were expressed as the mean * SD
(standard deviation). The significance of the
data was determined by the 2-tailed Student’s
t test. P values < 0.05 were considered signi-
ficant.
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Results

Pterostilbene inhibits RR enzyme activity by
interacting with RRM2 protein

Using computer-aided screening of small mole-
cule compounds, subsequent RR enzyme activ-
ity assays and fluorescence quenching analy-
ses, we identified a compound, pterostilbene
(Figure 1A and 1B), as a RRM2 inhibitor. The
concentration of pterostilbene inhibits the
in vitro recombinant RR enzyme (RRM2 and
RRM1 proteins) activity to 50% (IC,)) was
0.62+0.07 uyM, which was 150-fold and 20-fold
lower than that of HU (the representative RRM2
inhibitory drug) and COH29 (the known most
potent RRM2 inhibitory drug presently in an
anti-cancer phase | clinical trial), respectively
(Figure 1C and Table 1).

The binding of pterostilbene to RRM2 protein
was assessed using a fluorescence quenching
assay [24] (Figure 1D and 1E). To investigate
whether pterostilbene bound to RRM2 in HCC
cells, HepG2.2.15 cells were transfected with
FLAG-EV or FLAG-RRM2 expression plasmids
and followed by treated with or without pteros-
tilbene. The cell lysates were then analyzed by
immunoprecipitation-western  blotting using
FLAG antibody combined with HPLC/MS/MS
detection. The results showed that pterostil-
bene bound to the RRM2 protein (Figure 1F
and 1G), but not to the irrelevant protein JMJD5
as a negative control in the HepG2.2.15 cells
(Figure S1). The results indicated that pterostil-
bene inhibits RR enzyme activity by targeting
RRM2 protein.

Pterostilbene exhibits an anti-proliferative ef-
fect on HCC cells and HBV genome-integrated
HCC cells through inhibiting DNA synthesis

To determine the concentration dependence
of the growth-inhibitory activity of pterostil-
bene, in comparison to the RRM2 inhibitors HU
and COH29 and the first-line anti-HCC drug
sorafenib, four established HCC cell lines were
exposed to a full concentration range of each
compound for 72 h, respectively (Figure 2A). As
Table 2 shown, the concentration of pterostil-
bene reduces these HCC cell viability to 50%
(IC,,) were at 20 to 30 pM levels, much potent
than HU, similar to COH29, and a few fold less
effective than that of sorafenib. Notably, pteros-
tilbene had a better inhibitory effect than HU
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Figure 1. Pterostilbene inhibits RR enzyme activity by targeting RRM2. A. Chemical structure of pterostilbene. B.
Docking model showing the interaction between pterostilbene and key residues of RRM2 (PDB: 30LJ). The protein
structure is shown in blue cartoon. Hydrogen bond is shown in red dashed line. C. Sigmoidal dose-response curves
and IC, values of pterostilbene (0.3125 to 20 uM), COH29 (5 to 160 uM), and HU (11.71875 to 1500 pM) for inhibi-
tion of RR activity. D. Quenching of the tryptophan fluorescence of RRM2 by pterostilbene. Tryptophan fluorescence
spectra of RRM2 (1 uM in PBS buffer) at a serial concentrations of pterostilbene (2.5-100 uM). E. Variation of the
extent of fluorescence quenching [(F-F)/F,, where F and F are the fluorescence intensities of RRM2 at 325 nm in
the absence and in the presence of pterostilbene, respectively]. F. HepG2.2.15 cells were transfected with FLAG-EV
or FLAG-RRM2 expression plasmids, then treated with or without 20 uM pterostilbene for 24 h. The cell lysates were
analyzed by immunoprecipitation using anti-FLAG magnetic beads followed by western blotting with FLAG antibody.
G. The pterostilbene bounded to the RRM2 protein was detected by HPLC/MS/MS, the retention time for pterostil-
bene was 3.34 min. RR: Ribonucleotide reductase; RRM2: Ribonucleotide reductase small subunit M2; IC, : The
concentration of compound inhibits the in vitro recombinant RR enzyme (RRM2 and RRM1 proteins) activity to 50%;
HU: Hydroxyurea; PBS: phosphate buffer saline. Results are presented as the mean + SD of triplicate experiments,

IP, immunoprecipitation.

Table 1. IC_, values of pterostilbene, HU, and
COH29 for inhibition of RR activity

Compound IC,, (M)
Pterostilbene 0.62+0.07
HU 98.17+11.94
COH29 14.13+1.26

IC,,: The concentration of compound inhibits the in vitro
recombinant RR enzyme (RRM2 and RRM1 proteins)
activity to 50%; HU: Hydroxyurea.

and COH29 on the HBV-genome integrated
HCC cell line HepG2.2.15. Colony formation
assays and apoptosis analyses also show-
ed that pterostilbene potently inhibited the
proliferation and induced the apoptosis of
HepG2.2.15 cells in a dose-dependent manner
(Figure 2B-E).

To further investigate the cellular mechanism
of action of pterostilbene, HepG2.2.15 cells
were treated with different concentrations of
the compound for 24 h. EdU incorporation and
flow cytometry analyses showed that the treat-
ments dose-dependently inhibited DNA synthe-
sis (Figure 2F and 2G) and induced cell cycle
S-phase arrest (Figure 2H and 2l), respectively,
in HepG2.2.15 cells. The results were well in
accordance with the consequence of RR func-
tion inhibition.

Pterostilbene possesses a similar inhibitory
effect against sorafenib-resistant and wild-type
HCC cells

Drug resistance is a major drawback of
sorafenib in clinical HCC treatment. A strain of
sorafenib-resistant HepG2 cells (HepG2-SR)
and its parental wild-type HepG2 cells (HepG2-
WT) [21], were used to evaluate the ability of
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pterostilboene to overcome sorafenib resis-
tance. As determined by MTT assays (Figure 3
and Table 3), pterostilbene displayed a similar
anti-proliferative effect against both HepG2-SR
and HepG2-WT cells, in comparison with the
resistance of sorafenib in the cells.

Pterostilbene inhibits HBV DNA replication in
HBV genome-integrated and transfected HCC
cells and overcomes lamivudine resistance

In order to determine whether pterostilbene
can inhibit HBV replication, we assessed its
inhibitory effects on HBV DNA replication in
the HBV-genome integrated HCC cell line
HepG2.2.15 and the HCC cell line HepG2 trans-
fected with 1.3-copy HBV DNA. The results
showed that pterostilbene significantly inhibit-
ed HBV DNA replication in a dose-dependent
manner after 6-day treatments (Figure 4A, 4B
and Table 4). The EC, s for inhibiting HBV DNA
replication by 50% as determined by Q-PCR
measurements were about 4 fold lower than
the IC,, for the viability of HepG2.2.15 cells as
determined by MTT assays, indicating that HBV
DNA replication is more sensitive to ptero-
stilbene than the host HepG2.2.15 cell pro-
liferation.

Lamivudine (3TC) is the first nucleoside ana-
logue drug for hepatitis B treatment by inhibit-
ing HBV DNA polymerase. To further evaluate
whether pterostilbene could overcome 3TC-
resistance, HepG2 cells were transfected with
the HBV DNA plasmids (wild-type or 3TC resis-
tance mutant) [11]. Then, the HepG2 cells were
treated with a series concentrations of pteros-
tilbene or 3TC for 6 days, and then the amount
of HBV DNA in the cells was evaluated by Q-PCR
assays. As shown in Figure 4C, 4D and Table 5,
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Figure 2. Pterostilbene inhibits HCC proliferation through inhibiting DNA synthesis. A. The anti-proliferation activi-
ties of pterostilbene, HU, sorafenib and COH29 for HCC cell lines (HepG2, HepG2.2.15, Huh7, and Hep3B). Treat
the cells with compound for 72 h, and quantitate the cell viability by MTT assays. B, C. Treat the HepG2.2.15 cells
with pterostilbene (1.25, 2.5, and 5 uM) for 14 days, and the colony formation rates were measured. D, E. Treat the
HepG2.2.15 cells with pterostilbene (10, 20, and 40 uM) for 48 h, and the apoptosis rates were determined. F, G.
Treat the HepG2.2.15 cells with pterostilbene for 24 h, and then the newly synthesized DNA amounts were mea-
sured by the EdU incorporation assays. Red fluorescence: the amount of newly synthesized DNA, blue fluorescence:
the total number of nuclei stained by DAPI. H, I. Treat the HepG2.2.15 cells with pterostilbene for 24 h, and then de-
termin the cell cycle distribution using flow cytometry. HCC: Hepatocellular carcinoma; DNA: DeoxyriboNucleic Acid;
HU: Hydroxyurea; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; EdU: 5-ethynyl-2’-deoxyuridine;
DAPI: 4’,6-Diamidino-2-phenylindole,dihydrochloride. Results are presented as the mean + SD of triplicate experi-
ments (Student t test, *P < 0.05 and **P < 0.005 vs. the negative control group, ns: no significant difference).
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Table 2. Inhibitory effects of Pterostilbene, HU, Sorafenib and COH29 on cell viability in HCC cells

Treatment tim
Compound eatment time

IC,, for cell vability (uM)

(days) HepG2 HepG2.2.15 Huh7 Hep3B
Pterostilbene 3 39.0624.15 24.59+1.18 23.60+3.71 27.84+2.83
HU 3 844.10+110.90  190.20+40.70 >2500 >1000
Sorafenib 3 6.3320.73 4.19+0.58 8.17+0.91 6.29+1.25
COH29 3 17.19+1.94 36.26+2.31 17.37+4.30 32.90+7.17

IC,,: The concentration of compound reduces these HCC cell viability to 50%; HU: Hydroxyurea.
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Figure 3. Inhibitory effects of pterostilbene on the
proliferation of the wild-type and sorafenib-resistant
HCC cells. (A) The wild-type (HepG2-WT) and (B)
sorafenib-resistant (HepG2-SR) HepG2 cells were
treated with a series concentrations of sorafenib
or pterostilbene for 72 h, and the cell viability was
quantitated by MTT assays. HCC: Hepatocellular car-
cinoma; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide. Results are presented as the
mean + SD of triplicate experiments.

the effectiveness of 3TC in inhibiting HBV DNA
replication of the mutant strain was reduced
about 20-fold. Whereas, pterostilbene strongly
inhibited the HBV DNA replication of both the
wild-type and 3TC-resistant mutant strains,
even more potent for the 3TC-resistant HBV
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Table 3. Inhibitory effects of Sorafenib and
Pterostilbene on cell viability in HepG2-WT
and HepG2-SR cells

IC,, for cell vability (UM)

Compound

HepG2-WT HepG2-SR
Sorafenib 1.88+0.72 7.47+1.15
Pterostilbene 34.28+6.26 26.92+2.38

HepG2-WT: wild-type HepG2; HepG2-SR: sorafenib-
resistant HepG2; IC,: The concentration of compound
reduces these HCC cell viability to 50%.

strain. In addition, the EC_ s for inhibiting HBV
DNA replication were about 40-fold lower than
the IC,, for the viability of the host HepG2 cells
transfected with HBV DNA, also supporting
that HBV DNA replication is much more sensi-
tive to pterostilbene than the host HCC cell
proliferation.

The inhibitory effects of pterostilbene on RR
enzyme activity can be reversed by the addi-
tion of dNTP precursors

RR is the unique enzyme to produce dNTPs as
substrates for DNA synthesis, addition of the
products can counteract the effects of RR inhi-
bition [28]. As dNTPs penetrate cell mem-
branes poorly, a mixture of their precursors
(dNs, including thymidine, deoxyadenosine,
deoxyguanosine, and deoxycytidine) was used
instead. As shown in Figure 5A, the addition of
100 pM dNs reversed the proliferation inhibi-
tion of HepG2 and HepG2.2.15 cells by 20 uM
pterostilbene. The inhibition of HBV DNA repli-
cation in HepG2.2.15 cells was also partially
reversed by the addition of 100 uM dNs (Figure
5B). Furthermore, the cell cycle s-phase arrest
caused by pterostilbene was reversed as well
(Figure 5C). The results showed that the inhibi-
tory effects of pterostilbene can be reversed by
addition of dNs, suggesting that RR is the act-
ing target of pterostilbene in the treated cells.
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Figure 4. Inhibitory effects of pterostilbene on HBV replication. A, B. Treat the HepG2.2.15 cells with pterostilbene
(0.03125 to 16 uM) or 3TC (0.5 to 8 uM) for 6 days, and the inhibitory effects of pterostilbene or 3TC on intracel-
lular HBV DNA replication and cell viability were detected by Q-PCR and MTT assays, respectively. C, D. HepG2
cells were transfected with the wild-type or 3TC-resistant-mutant 1.3-copy HBV DNA plasmid, and then exposed to
pterostilbene or 3TC for 6 days. The cell viability and HBVY DNA amounts in the cells were quantified by MTT and
Q-PCR assays, respectively. HBV: Hepatitis B virus; DNA: DeoxyriboNucleic Acid; 3TC: Lamivudine; Q-PCR: Real-time
polymerase chain reaction; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; EC_: the concentra-
tion at which the compound inhibits 50% HBV DNA replication. Results are presented as the mean + SD of triplicate

experiments.

Table 4. Inhibitory effects of Pterostilbene
and 3TC on HBV replication and cell viability
in HepG2.2.15 cells

Compound EC,, (HM) IC,, (UM)
Pterostilbene 5.65+1.44 22.37+1.68
3TC 1.42+0.28 >1000

3TC: Lamivudine; ECSO: The concentration of compound
reduces HBV DNA replication to 50%.

Table 5. Inhibitory effects of Pterostilbene and
3TC on HBV replication and cell viability in HBV
transfected HepG2 cells

EC,, (uM)
WT Mut

Compound IC,, (UM)

Pterostilbene 0.6+0.16 0.039+0.007 25.5+2.49
3TC ~0.8 17.42+3.09 >1000

3TC: Lamivudine; EC,: The concentration of compound
reduces HBV DNA replication to 50%; ICSO: The concentra-
tion of compound reduces these HCC cell viability to 50%;
WT: wild-type; Mut: 3TC-resistant-mutant.
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Pterostilbine potently inhibits HCC cell growth
in tumor xenograft mice with a low toxicity un-
der the treatment doses

To test the effect of pterostilbine on tumour
growth in vivo, nude mice were injected with
HepG2 cells and treated with 50 or 100 mg/
kg/day of pterostilbine for 14 days. The results
showed that the pterostilbine treatments sig-
nificantly decreased HCC cell growth in the
nude mice compared with the control group
(Figure 6A-C). At the same time, neither mouse
body weights nor ALT (Aspartate aminotransfer-
ase) and AST (Aspartate aminotransferase) lev-
els were significantly changed between the
pterostilbine-treated groups and the solvent
control group (Figure 6D and 6E). Moreover, no
notable intergroup differences were observed
in the important organs of the treated mice,
including the heart, liver, spleen, lung, and kid-
ney (Figure 6F). The results indicated a relative
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Figure 5. dNs can reverse the effects of RR inhibition by pterostilbene. A. HepG2 or HepG2.2.15 cells were treated
with 100 uM dNs (including thymidine, deoxyadenosine, deoxyguanosine, and deoxycytidine) for 24 h, then further
treated by adding a series concentrations of pterostilbene for 72 h, and the cell viability was quantitated by MTT
assays. B. Treat the HepG2.2.15 cells with pterostilbene together with 100 uM dNs for 6 days, and the HBV DNA in
the cells were detected by Q-PCR measurements. C, D. Treat the HepG2.2.15 cells with pterostilbene at 10 or 20 uM
together with 100 uM dNs for 24 h, then the cell-cycle distributions were analyzed using Focusing Cytometer. MTT:
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; HBV: Hepatitis B virus; DNA: DeoxyriboNucleic Acid;
Q-PCR: Real-time polymerase chain reaction. Results are presented as the mean + SD of triplicate experiments. *P

< 0.05, **P < 0.005 vs no dNs treated cells by a two-tailed Student’s t test.

low in vivo toxicity of pterostilbine at the effec-
tive doses used in this study.

Discussion

RRM2 expression has been confirmed signifi-
cantly up-regulated in HCC cells, providing suf-
ficient dNTPs to favor the malignant prolifera-
tion [6, 8, 29]. HBV has no RR genes and HBx
can activate RRM2 expression in the host liver
cells for the viral DNA replication [10]. HBV
infection is a causative factor of HCC and asso-
ciated with HCC development and prognosis.
We have previously demonstrated that RR is
essential for HBV genomic DNA and cccDNA
synthesis in HCC cells, and RR enzyme activity
is up-regulated in the liver tissues of HBV
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genome-transgenic mice [11]. These findings
suggest that RR, HBV, and HCC may form a
mutual-promoting vicious triangle during HBV-
related HCC development.

In this study, for the first time pterostilbene was
identified as a novel RRM2 inhibitor (Figure 1).
RR enzyme assays showed that the compound
possessed about 20-fold and 200-fold higher
activity for RR inhibition than that of COH29
(the most effective RRM2 inhibitory drug in an
anti-cancer phase | clinical trial) and HU (the
classical RRM2 inhibitory drug), respectively.
The higher RR inhibitory activity may indicate
a higher specificity for RRM2 and a lower off-
target effect of pterostilbene. Pterostilbene
potently inhibited HCC proliferation and HBV

Am J Cancer Res 2021;11(6):2975-2989
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DNA replication in HCC cells (Figures 2 and 4),
while the both inhibitory effects were signifi-
cantly reversed by the addition of dNTP precur-
sors, indicating that RR was the intracellular
action target of pterostilbine (Figures 1F, 1G
and 5).

Pterostilbine inhibited in vitro HCC proliferation
with a MTT IC_ of about 20-40 pM, resulted
from the inhibition of RR, the rate-limiting
enzyme in the synthesis of dNTPs, leading to
DNA synthesis blocking, cell cycle arrest, and
finally apoptosis (Figure 2). The inhibitory
potency was similar to COH29 but a little lower
than sorafenib (Figure 2). Since 2007, sorafenib,
a multi-kinase (serine, threonine, and tyrosine
Kinases) inhibitor, has been used as a clinical
first-line targeted drug for HCC systemic thera-
py, but the overall survival rate is limited and
the treated patients frequently developed
resistance to sorafenib. Our data demonstrat-
ed that pterostilbene can overcome the
sorafenib-resistance of HCC cells (Figure 3).
Tumor xenograft mouse model assays showed
that pterostilbine markedly inhibited HCC tumor
growth with a relatively low toxicity under thera-
peutic doses in vivo (Figure 6), suggesting a
potential use of the compound for HCC treat-
ment, especially for sorafenib-resistant HCC.

On the other hand, pterostilbene significantly
inhibited HBV DNA replication in both the HBV
genome-integrated HCC cell line HepG2.2.15
and the HCC cell line HepG2 newly transfected
with HBV DNA (Figure 4). The EC_  values of the
compound for inhibiting HBV DNA replication
were about 4-fold and 40-fold lower than its
MTT IC,, values for inhibiting the host HCC pro-
liferation in the two cell lines, respectively. The
results suggested that the inhibition of HBV
replication did not result from the death of the
host cells. Further, HBV replicates quickly in the
infected liver cells, consuming a large amount
of dNTPs for its genome synthesis, which may
explain why HBV replication was more vulnera-
ble to RR inhibition by pterostilbene than its
host HCC proliferation [9]. Interestingly, pteros-
tilbene more potently inhibited the HBV-genome
integrated HCC cell line HepG2.2.15 than HU
and COH29 (Figure 2), possibly due to its high-
er specificity for RRM2 inhibition. Also impor-
tantly, while the HBV replication inhibitory activ-
ity of pterostilbene was close to that of lamivu-
dine, it effectively overcame the resistance to
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the anti-HBV drug (Figure 4), a recurrent clinical
problem during the long term anti-HBV treat-
ment. The target and action mechanism of
pterostilbene are different from lamivudine and
sorafenib, which may explain its efficacy in
overcoming the resistance to the two drugs.

In summary, this research shows that inhibition
of RR has the double effects against both HBV
replication and HCC proliferation. Pterostilbene
is a novel potent and specific RR inhibitor
through interacting with RRM2 protein. The
compound possesses much higher activity
against in vitro RR enzyme activity and in vivo
HCC xenograft growth than current RRM2 inhib-
itory drugs. It can significantly simultaneously
inhibit both HCC proliferation and HBV replica-
tion by RR inhibition with the potencies compa-
rable to the anti-HCC drug sorafenib and the
anti-HBV drug lamivudine, respectively. Fur-
thermore, the compound can overcome the fre-
quent drug-resistant problems with sorafenib
and lamivudine. So far, no single drug has been
reported to possess both activities against HBV
and HCC. Thus, pterostilbene, as an available
natural product or synthesized compound, or
through further optimization, may prove to be a
potential new drug for treatment of the HCC
and especially HBV-related HCC in the future.
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Figure S1. A. HepG2.2.15 cells were transfected with FLAG-EV or FLAG-JMJD5 expression plasmids, then the cells
were treated with or without 20 uM pterostilbene for 24 h. The cell lysates were analyzed by immunoprecipitation
using anti-FLAG magnetic beads followed by western blotting with FLAG antibody. B. The pterostilbene bounded to
the eluted protein was detected by HPLC/MS/MS, retention time for pterostilbene was 3.34 min. IP, immunoprecipi-
tation.



