
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 5

/6
/2

02
6 

1:
09

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Design and synth
aKey Laboratory of Protein Sciences, Schoo

University, Beijing 100084, China. E-mail: y
bKey Laboratory of Carcinogenesis and In

Central South University, Changsha 410078
cCancer Research Institute, School of Bas

Changsha, 410078, China
dMolecular Imaging Research Center of Cen
eNational Joint Engineering Research Cent

Diseases and Cancer, Changsha 410078

ycao98@vip.sina.com

† Electronic supplementary informa
10.1039/d1ra06648j

‡ These authors made equal contribution

Cite this: RSC Adv., 2021, 11, 38907

Received 4th September 2021
Accepted 17th November 2021

DOI: 10.1039/d1ra06648j

rsc.li/rsc-advances

© 2021 The Author(s). Published by
esis of water-soluble grifolin
prodrugs for DNA methyltransferase 1 (DNMT1)
down-regulation†

Liguo Wang, ‡a Yue Wu,‡a Zhenzhen Li,‡bcde Tianlong Lan, a Xu Zhao,bcde

Wenxing Lv,a Feng Shi,bcde Xiangjian Luo,*bcde Yu Rao *a and Ya Cao*bcde

DNA methylation and gene silencing play indispensable roles in the epigenetic landscape and gene

expression. DNA methyltransferase 1 (DNMT1), a member of the DNMT family, which catalyzes the

addition of methyl groups on DNA has been identified to have a close relationship with tumorigenesis.

But DNMT1 inhibitors are rare except for the highly toxic nucleoside derivates. Grifolin is a unique natural

product which down-regulates DNMT1 and has low toxicity. However, the poor solubility and stability of

grifolin limit its application. Herein, we synthesized PEG5-Grifolin as a water-miscible prodrug of grifolin.

The half-life of PEG5-Grifolin at 25 �C was considerably extended, revealing excellent stability.

Meanwhile, PEG5-Grifolin suppressed tumor growth of by downregulating DNMT1 and reactivating the

expression of several tumor suppressor genes in vivo. PEG5-Grifolin might be a promising demethylation

agent for DNMT1 associated diseases and benefit much against various types of DNMT1 associated cancer.
1. Introduction

DNA methylation and gene silencing reprogram the epigenetic
landscape and tremendously contribute to cancer etiology.1

CpG island methylator phenotype (CIMP) is dened as the high
activity of global and non-random CpG island methylation.
CIMP of tumor suppressor genes (TSGs) is one of the most
characteristic abnormalities in cancers.2 Methylation and
inactivation of TSGs, which are involved in the cell cycle (e.g.,
p16), apoptosis (e.g., death-associated protein kinase (DAPK1)),
detoxication (GSTP1), migration (e.g., E-cadherin (E-cad)) and
in the response to growth factors (e.g., phosphatase and tensin
homolog (PTEN)) have essential roles in tumorigenesis and
malignant development of cancer.1,3 Especially, the CpG island
promoter methylation of HOPX,4 TIPE3 (ref. 5) and RAB37 (ref.
6) genes has been dened as themarker of metastatic and radio-
resistant nasopharyngeal carcinoma. DNA hypermethylation
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has become a biomarker of the screening, prognosis and
therapy surveillance of multiple types of cancers.

DNA methyltransferases (DNMTs) belong to a class of
enzymes involved in the regulation of DNA methylation and
gene expression.7 Transcriptional repression of chromatin is
highly impacted by DNMTs overexpression. Thus, DNMTs play
important roles in neoplasia, growth and metabolism.8 Over-
expression of DNMTs has been well-documented to inactivate
TSGs in many solid and hematological cancers.8 Three DNMT
members have been identied in mammals: DNMT1, DNMT3a
and DNMT3b.1 DNMT1 is responsible for the most potent
methylation of CpG sites in neoplasia among these DNMTs
subtypes.9 The expressions of TSGs, such as p16, DAPK1, CDH1
and PTEN were suppressed by overactivation of DNMT1.1,3 The
use of reagents which induces DNMT1 loss-of-function and
reverses methylation-induced inactivation of TSGs has become
a promising approach for cancer therapy. Although DNMT1 is
vital to neoplasia and other diseases, the nucleoside derivatives
(e.g., 5-azacytidine (5-AD)) appear to be the only reported epi-
drug targeting DNMTs, whereas the high toxicity and instability
of nucleoside derivatives cause serious side effects and
toxicities.

Natural products provide a unique source for the discovery of
innovative leading compounds and drugs targeting cancer and
other diseases.10–13 Several natural products including poly-
phenolic compounds, e.g., epigallocatechin-3-gallate (EGCG)
and curcumin, and avonoids, e.g., genistein and quercetin,
have shown demethylating effects by targeting DNMTs.14 Gri-
folin and its derivates are natural secondary metabolites with
small molecular weights extracted from mushrooms Albatrellus
RSC Adv., 2021, 11, 38907–38914 | 38907
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conuens and Boletus pseudocalopus.15 Since 2005, we and others
have demonstrated that grifolin could down-regulate DNMT1
and consequently exert the anti-growth, anti-invasion, and anti-
metastasis effects in multiple types of tumor cells, especially
nasopharyngeal carcinoma (NPC) cells.16–19 Thus, grifolin might
be a promising demethylation agent for the treatment of NPCs
and other DNMT1 associated diseases. However, poor solubility
and stability limited its application. As a way out, corn oil was
used as the solvent to facilitate the absorption and adminis-
tration, however, serious side effects such as fat accumulation
and fatty liver were observed in mice model.20

Herein, we developed a series of prodrugs of grifolin to
improve its water-solubility and stability (Fig. 1). Poly ethylene
glycol (PEG), which has good water solubility and low toxicity, is
widely used in many solubilizers and prodrugs.21 The PEG
modied prodrug, PEG5-Grifolin is miscible with phosphate
buffer saline pH ¼ 7.4 (PBS) at room temperature. Meanwhile,
we assessed the in vivo bioactivity of PEG5-Grifolin. It efficiently
hampered tumor growth without signicant toxicity in an NPC
xenogra mice model. PEG5-Grifolin treatment down-regulates
DNMT1 and up-regulates the expression of TSGs. Moreover,
PEG5-Grifolin induced a more potent demethylating effect at
the promoter region of TSGs than 5-AD did, revealing it could be
a potential demethylation agent for DNMT1-related diseases.
2. Results and discussion

We analysed the structure of grifolin and proposed several
potential modication strategies. Grifolin is a phenol derivative
with two hydroxyl groups, a methyl substituent and a farnesyl
substituent. The phenol ring is very electron-rich and can be
readily oxidized into quinones. Meanwhile, a pericyclic reaction
possibly happens between farnesyl function group and the
ortho-phenolic hydroxyl group under acid or base condi-
tions.22,23 Thus, the phenolic hydroxyl groups are the key factors
for stability.

As shown in Scheme 1, we designed and synthesized the
following compounds based on the principle that these solu-
bilizing groups should be efficiently released in vivo. In order to
optimize reaction conditions, we tested the stability of grifolin
under acid and base. Even acetic acid or pyridine could lead to
severe, complex and unidentiable degradation of the original
Fig. 1 Chemical structures of grifolin and prodrugs.

38908 | RSC Adv., 2021, 11, 38907–38914
grifolin. However, the degradation products seemed to differ
from each other. Inert atmosphere could only help to stabilize
grifolin under pyridine and was non effective under acetic acid.
With these stability data in hand, relatively more mild reaction
conditions with inert gas protection were adopted. First, we
tried to introduce betaine (compound 2) on the hydroxyl groups.
However, the desired molecular weight of compound 2 could
only be detected by mass spectrometer at the initial of the
reaction. We speculated that the installation of two large hinder
groups into the farnesyl ortho position might cause a large bond
tension to the overall structure, which was unstable. Mean-
while, quaternary amine compounds might have signicant
toxic effects. Thus, we did not further investigate such type of
prodrugs. Next, hydrophilic alkali prodrugs were tried. Boc-
glycine and Fmoc-glycine was also successfully introduced to
grifolin through esterication (intermediate 3, 4). However, they
failed to give compound 5, the deprotection product. Not only
that, the compounds 6 and 7, containing tertiary amine, totally
decomposed aer condensation reaction. The alkalinity of
amine might be too strong for the prodrugs of grifolin to
maintain stability.

Because of the instability of ionic-type solubilizing groups
with large steric hindrance and alkaline solubilizing groups,
neutral and nonionic hydrophilic groups were adopted in the
next design and synthesis. To avoid the steric hindrance, gri-
folin reacted with succinic anhydride to generate a diester
derivate (intermediate 8) under inert gas protection. Succinic
anhydride also generates carboxylic acid terminals as reactive
cohesive ends. Using these two small volume succinic acids as
linkers, this modication strategy reduced the steric hindrance
of the benzene ring and farnesyl. Then, we tried to install
glycerol and alkamine on the cohesive ends by condensation
reactions to produce prodrugs 9 and 10. PEG is a kind of linear,
water-soluble and biocompatible molecule with low toxicity,
immunogenicity and teratogenicity, which has been widely
used in drug formula and prodrugs.21 Thus, we also tried to
introduce PEG chains to the cohesive ends of intermediate 8 to
form prodrug 11 (PEG5-Grifolin).

Next, we tested the solubility of 1, 9, 10 and PEG5-Grifolin by
HPLC. The solubility of each compound might be affected
signicantly by different pH, because of the protonated form
and formation of hydrogen bonds, especially for prodrug 10
which contained two amide bonds. Herein, PBS was used as the
solvent to simulate the mild storage and administration
condition. As shown in Table 1, compared with grifolin, all
prodrugs in PBS have improved solubilities. Much to our
delight, PEG5-Grifolin, containing two 5-PEG chains, was
miscible with PBS at 25 �C. Like most glycol prodrug and pol-
yoxyethylene ethers nonionic surfactants, PEG5-Grifolin sepa-
rated out when warming up. This was possibly due to the
broken hydrogen bonds between PEG5-Grifolin molecules and
water molecules when the temperature rises. However, this
feature would not affect the administration of PEG5-Grifolin in
most situations.

Aer obtaining the water-miscible PEG5-Grifolin, we tested
its stability. PEG5-Grifolin was dissolved in PBS to prepare
a 40 mM solution, followed by splitting into small aliquots. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Design and synthetic route towards prodrugs of grifolin. Reagents and conditions: (a), grifolin, betaine chloride, pyridine, THF, 0 �C –
>r. t., soon decomposed; (b), for compound 3: grifolin, Boc-glycine, EDCI, DMAP, DCM, r. t., 5 h, 74%; for compound 4: grifolin, Fmoc-glycine,
EDCI, DMAP, DCM, r. t., 5 h, 81%; (c), compound 3 or 4, 4 M HCl in dioxane or piperidine in DMF,�10 �C – >r. t., decomposed; (d), for compound
6: grifolin, phosgene, 1-methylpiperazine, DCM, 0 �C– >r. t., 6 h, 24%; for compound 7: grifolin,N,N-dimethylglycine, EDCI, DMAP, DCM, r. t., 5 h
decomposed; (e), succinic anhydride, pyridine, DMAP, DCM, 12 h, 51%; (f), glycerol, pentaglycol or 2-amino-2-methylpropan-1-ol, EDCI, DMAP,
THF, r. t., corresponding solvent, 43–69%.

Table 1 Solubility of prodrugs

Compound Solubility (mg ml�1) Foldsc

Grifolin, 1 <0.32a —
9 5.20 26 folds
10 0.44 2.2 folds
PEG5-grifolin, 11 Miscibleb >1000 folds

a The solubility of grifolin is lower than the minimum concentration of
standard linear calibration curve (0.32 mg ml�1). 0.2 mg ml�1 is
calculated by the linear regression equation. b PEG5-Grifolin is
miscible with water under room temperature. c Folds represented the
multiple of prodrugs compared to the compound 1, grifolin.
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concentration of PEG5-Grifolin in each aliquot which was
placed at room temperature for different times was assessed by
HPLC. Much to our delight, even at room temperature, the half-
life period of the PEG5-Grifolin in PBS was expected to be about
87 days (Fig. S1A,† ESI). Meanwhile, no signicant degradation
was observed when PEG5-Grifolin in PBS was stored at �20 �C.
Thus, the lower storage temperature is still more preferred to
keep the stability. Additionally, we evaluated the stability prole
of PEG5-Grifolin in mouse plasma model. PEG5-Grifolin was
dissolved in fresh mice plasma, followed by HPLC analysis
(Fig. S1B,† ESI). During the 6 h treatment, no signicant
degradation was observed. These data suggested PEG5-Grifolin
is stable in normal solvent, storage conditions as well as plasma
and could be an easily used agent.

Then, we evaluated the anti-proliferative activity of PEG5-
Grifolin and 5-AD on representative non-cancerous cell lines
(Beas2b cells and 293T cells) and NPC cell line (C666-1 cells)
(Fig. 2 and Table S1,† ESI). The inhibitory curve (Fig. 2) and IC50

(Table S1,† ESI) proved that PEG5-Grifolin induced more potent
growth inhibition on tumor cell line (C666-1) than on non-
cancerous cell lines (293T and Beas2b). Meanwhile, NPC cell
line C666-1 was not so sensitive to 5-AD treatment, while 5-AD
© 2021 The Author(s). Published by the Royal Society of Chemistry
still potently inhibited the growth of non-cancerous cell lines
(293T and Beas2b). Consequently, the data revealed the
improved inhibitory selectivity on non-cancerous cells and NPC
cells and demonstrated the advantages of PEG5-Grifolin over 5-
AD.

The anticancer activity of PEG5-Grifolin was measured in
NPC xenogra mice model bearing C666-1 cells to further
evaluate drug efficacy. 5-AD, the current DNMT1 inhibitor, was
used as the positive control. As shown in Fig. S2† ESI, treatment
with PEG5-Grifolin at a dose of 90 mg kg�1 resulted in
a signicant inhibition of tumor load compared to the vehicle
group. However, 5-AD treatment had no evident tumor
suppression at a dose of 1 mg kg�1 while showed a more severe
toxic side-effect. During the experiment, two mice died in the 5-
AD treatment group, while the toxicity of PEG5-Grifolin was not
observed. The toxicity of 5-AD was also reported by previous
literatures.24 Thus, the dosage of 5-AD was highly restricted. All
the data indicated that PEG5-Grifolin might be a more effective
and safer agent than 5-AD.

In order to clarify the underlying mechanism of anti-cancer
effect, the expressions of DNMT1 and several TSGs in tumor
tissue were identied by immunohistochemistry (IHC) aer the
mice were sacriced (Fig. 3A). DAPK1, PTEN, CDH1 and p16 were
chosen as representative TSGs, as DNMT1 contributes to their
hypermethylation in promoter region and low expression.
Consistent with the anti-cancer effects, the expression of
DNMT1 was signicantly suppressed by PEG5-Grifolin and 5-
AD. Notably, PEG5-Grifolin treatment induced much more
potent DNMT1 down-regulation than 5-AD did. Meanwhile, the
expressions of DAPK1, PTEN, E-cadherin and p16 were substan-
tially up-regulated compared with the control. These results
indicate that the PEG5-Grifolin might act as a demethylation
agent to inhibit tumor growth in vivo through reactivating
a panel of TSGs expression.

To further conrm that up-regulated expressions of TSGs are
correlated with their promoter methylation status, bisulte
RSC Adv., 2021, 11, 38907–38914 | 38909
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Fig. 2 The effect of PEG5-Grifolin and 5-AD on growth inhibition of tumor cells (C666-1) and non-cancerous cells (293T and Beas2b). (A) PEG5-
Grifolin (B) 5-AD. (A and B) The growth inhibition assessment was conducted by CCK-8 method. The cells were seeded into 96-wells plates.
Small molecules were diluted and added in the plates at indicated concentrations. The cells were treated for 3 days. The data are individual
replicate values and shown as means � s. d. (n ¼ 3 for biologically independent samples per group).
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sequencing PCR (BSP) were performed to analyze the methyla-
tion at the promoter region of the representative DAPK1 and p16
genes. Genomic DNA was extracted from the tumor tissue of
xenogra mice. Compared with the vehicle control, PEG5-
Grifolin treatment resulted in 17% and 11% demethylation in
DAPK1 and p16 promoter region, respectively. However, little
demethylation effect has been observed with 5-AD treatment
(Fig. 3B). The data revealed that PEG5-Grifolin suppressed
tumor growth by DNMT1 down-regulation and consequently
demethylation of TSGs. PEG5-Grifolin as a potent DNMT1
modulator could be a promising supplement to existing DNMT1
inhibitors.

The preliminary in vivo xenogra experiment demonstrated
that PEG5-Grifolin exerted potent anti-tumor activity with low
toxicity. However, single administration of 5-AD had no obvious
effect on NPC tumor growth, which accorded with previous
studies.25 The expressions of four representative TSGs,
including DAPK1, PTEN, CDH1 and p16, were substantially
increased aer PEG5-Grifolin treatment. BSP assay further
Fig. 3 PEG5-Grifolin down-regulates DNMT1 to reactivate TSG expressi
into 3 groups (n ¼ 8) and treated with PBS (vehicle), PEG5-Grifolin (90
Images of tumor sections in each group stained with indicated antibodies
Methylation of promoter region of DAPK1 and p16. Tumor tissue was ex

38910 | RSC Adv., 2021, 11, 38907–38914
proved PEG5-Grifolin induced much more potent DNA deme-
thylation of TSGs than 5-AD did. In general, compared with 5-
AD, PEG5-Grifolin treatment exerts more effective demethyla-
tion and anti-tumor activity in NPC tumors. This reects the
importance of our research to develop such a modulator with
high efficacy and low toxicity to expand the drug categories for
DNMT1 down-regulation.

Up-regulation of DNMTs is a universal epigenetic alteration
in tumors, which links CIMP, chromatin modication and the
subsequent gene silencing, suggesting that DNMTs might serve
as valuable targets for designing specic antitumor agents to
reverse CIMP.8 The methylation status of p16 and DAPK1 genes
in bodily uids have been used for early detection of head and
neck squamous cell carcinomas (HNSCCs).26 Urinary p16 and
CDH1 methylation have been used for the detection of prostate
cancer.27 p16 methylation detection has also been applied for
the pathological typing of EBV-positive gastric cancer.28 CIMP of
DAPK1, PTEN, CDH1 and p16 genes could represent a typical
epigenetic change in cancers. Moreover, DNMT1 does not
ons in vivo. Nude mice bearing C666-1 cells were randomly separated
mg kg�1) or 5-azacytidine (1 mg kg�1) every other day for 17 days. (A)
. Antibody staining is in brown and nuclear counter staining is in blue. (B)
tracted from the xenograft mice and analysed by BSP method.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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specically regulate the four representative genes, but induces
broad methylation changes of TSGs. Hence, this new-developed
DNMT1 modulator might benet much for various types of
CIMP-associated cancer.

Up to date, the nucleoside analogues DNMT inhibitors,
including Vidaza® (5-azacytidine), Dacogen® (decitabine or 5-
aza-20-deoxycytidine) and 5-uoro-20-deoxycytidine have been
applied for various diseases. In addition to hematological
neoplasms, DNMT inhibitors are also applied for solid tumors,
such as head and neck, lung and breast cancers and metastatic
melanoma. In most cases, DNMT inhibitors are used in
combination with other anti-cancer drugs such as Oxaliplatin,29

Temozolomide (Temodar)1 and histone deacetylase inhibitor
Vorinostat (Zolinza).30 Most recently, in a phase II study, CC-486
(oral azacitidine) did not show sufficient clinical activity as
a monotherapy in locally advanced or metastatic NPC.31 The
common feature of all these inhibitors is to induce DNMT loss-
of-function. This further supports our study that PEG5-Grifolin
exerts much better demethylation activity than 5-AD in an NPC
model.31 PEG5-Grifolin, in combination with other conven-
tional antitumor drugs, might have profound inuence on
clinic treatment of CIMP-associated cancers.
3. Conclusion

In this work, we developed a series of prodrugs of grifolin to
improve the solubility and stability of grifolin. Among them,
a representative compound, PEG5-Grifolin down-regulated
DNMT1 to demethylate the promoter region of TSGs, result-
ing in the activation of the TSGs expression, thereby inhibiting
the proliferation of NPC cells in vivo. Collectively, our nding
suggests that PEG5-Grifolin can overcome the weaknesses of
grifolin and 5-AD, and may serve as a potential demethylation
agent for DNMT1 down-regulation.
4. Experimental section
Materials and methods

All commercial materials (Adamas-beta, Bidepharmatech,
Energy Chemical, etc.) were used without further purication.
All solvents were analytical grade. The grifolin was prepared by
the procedure reported by Justin T. Mohr in 2016.32 The 1H-
NMR and 13C-NMR spectra were recorded on a Bruker AVAN-
CEIII 400 MHz spectrometer in CDCl3 using solvent peak as
a standard. All 13C-NMR spectra were recorded with complete
proton decoupling. Normal-resolution mass spectral analyses
were performed with Waters AQUITY UPLC-MS/MS. High-
resolution mass spectral analyses were performed with Waters
Xevo G2 QTof. Analytical TLC was performed on Yantai Chem-
ical Industry Research Institute silica gel 60 F254 plates and
ash column chromatography was performed on Qingdao
Haiyang Chemical Co. Ltd silica gel 60 (200–300 mesh). 5-AD
(Decitabine) was purchased from MedChemExpress. The
reagents for genomic DNA extraction were purchased from
QIAGEN.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Compounds synthesis and characterization

The general procedures for compounds synthesis and NMR
spectra could be found in ESI.†

Bis(2,3-dihydroxypropyl) O,O0-(5-methyl-2-((2E,6E)-3,7,11-
trimethyldodeca-2,6,10-trien-1-yl)-1,3-phenylene) disuccinate
(9). 1H-NMR (400 MHz, CDCl3, ppm): 6.76 (s, 2H), 5.07 (m, 3H),
4.23–4.14 (m, 4H), 3.89(t, J ¼ 4.24, 2H), 3.64(dd, J ¼ 2.92, J ¼
11.36, 2H), 3.55(dd, J¼ 5.76, J¼ 11.16, 2H), 3.11(d, J¼ 6.32, 2H),
2.90(t, J ¼ 5.76, 4H), 2.74 (m, 8H), 2.30 (s, 3H), 2.05–1.93 (m,
8H), 1.72 (s, 3H), 1.67 (s, 3H), 1.58 (s, 3H), 1.57 (s, 3H). 13C-NMR
(100 MHz, CDCl3, ppm): 172.50, 171.24, 149.36, 137.49, 136.09,
135.31, 131.45, 124.47, 124.05, 123.68, 121.20, 121.01, 70.13,
65.75, 63.32, 39.81, 39.72, 29.28, 29.10, 26.85, 26.68, 25.84,
23.70, 21.09, 17.82, 16.42, 16.15. LC-MS: calculated for
C36H53O12 [M + H]+: 677.35, found 677.45. HRMS: calculated for
C36H51O12 [M � H]�: 675.3386, found 675.3389.

5-Methyl-2-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-
yl)-1,3-phenylene bis(4-((1-hydroxy-2-methylpropan-2-yl)
amino)-4-oxobutanoate) (10). 1H-NMR (400 MHz, CDCl3,
ppm): 6.75 (s, 2H), 5.75 (s, 2H), 5.07 (m, 3H), 4.56 (s, 2H),3.56 (s,
4H), 3.11(d, J¼ 5.68, 2H), 2.90(t, J¼ 6.12, 4H), 2.51 (m, 4H), 2.29
(s, 3H), 2.01–1.93 (m, 8H), 1.70 (s, 3H), 1.66 (s, 3H), 1.58 (s, 3H),
1.57 (s, 3H), 1.26 (s, 12H). 13C-NMR (100 MHz, CDCl3, ppm):
172.00, 171.60, 149.45, 137.36, 135.95, 135.24, 131.43, 124.46,
124.09, 123.58, 121.26, 120.95, 70.35, 56.38, 39.81, 39.75, 31.53,
29.82, 29.62, 26.85, 26.73, 25.84, 24.73, 23.69, 21.11, 17.82,
16.44, 16.16. LC-MS: calculated for C38H59N2O8 [M + H]+: 671.43,
found 671.33. HRMS: calculated for C38H57N2O8 [M � H]�:
669.4120, found 669.4124.

Bis(14-hydroxy-3,6,9,12-tetraoxatetradecyl) O,O0-(5-methyl-2-
((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)-1,3-
phenylene) disuccinate (PEG5-Grifolin, 11). 1H-NMR (400 MHz,
CDCl3, ppm): 6.76 (s, 2H), 5.06 (m, 3H), 4.26(t, J ¼ 4.12, 4H),
3.70–3.60 (m, 36H), 3.12(d, J ¼ 6.16, 2H), 2.87(t, J ¼ 6.52, 4H),
2.76 (m, 6H), 2.29 (s, 3H), 2.03–1.93 (m, 8H), 1.70 (s, 3H), 1.66 (s,
3H), 1.58 (s, 3H), 1.56 (s, 3H). 13C-NMR (100 MHz, CDCl3, ppm):
172.20, 170.78, 149.44, 137.22, 135.80, 135.20, 131.38, 124.49,
124.11, 123.50, 121.37, 120.93, 72.66, 70.70, 70.67, 70.64, 70.39,
69.16, 64.07, 61.82, 39.80, 39.72, 29.18, 29.05, 26.84, 26.71,
25.84, 23.66, 21.10, 17.82, 16.43, 16.14. LC-MS: calculated for
C50H81O18 [M + H]+: 969.54, found 970.11. HRMS: calculated for
C50H79O18 [M � H]�:967.5272, found 967.5286.
Antibody

The antibody for detecting P16 was from Proteintech (Illinois,
NA, USA). The antibodies against PTEN and E-cadherin were
purchased from Cell Signalling Technology (Danvers, MA, USA).
The anti-DAPK1 was obtained Sigma-Aldrich (St. Louis, MO,
USA). The antibody against DNMT1 was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).
Method of solubility test

The solubility test was conducted by HPLC method. First,
a linear regression curve was established. Samples were
weighted out in gradient and dissolved in acetonitrile. The
RSC Adv., 2021, 11, 38907–38914 | 38911
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concentration of each sample was calculated by the weight and
the volume of acetonitrile. The peak area of each sample was
measured by HPLC. Based on the concentrations and peak area,
the linear regression curve was established.

Then, excess amount of sample was dissolved in PBS buffer
(pH ¼ 7.4). The solution was shaken vigorously, followed by
sonicated for 15 min at 25 �C. Then the solution was centrifuged
under 6000g for 3 min. Then, the supernatant solution was
passed through ultraltrationmembrane (0.45 mM,HY-RMF05).
Next, the ltrate was analysed by HPLC. The peak area was
substituted into the linear regression curve to get the
concentration.

Method of stability test

PEG5-Grifolin was dissolved in PBS buffer (pH ¼ 7.4) to get the
40 mM storage solution. This storage solution was separated in
several small fraction packages in EP tubes (1.5 ml, Thermo-
Fisher). These tubes were kept at �78 �C. Then, these EP tubes
could warm to room temperature aer indicated time. At every
point of time, three tubes were taken out to room temperature.
The EP tubes were marked with the take-out time. Finally, the
new thawed storage solution and the solution in room
temperature was analysed by HPLC. The area of product peak S0
in new thawed storage solution was set to 1. The other PE tubes
were analysed by HPLC. S represent the area of the samples in
room temperature. The gure was drawn with S/S0 as y axis and
time as x axis. S/S0 determines the percentage of remaining
percent of PEG5-Grifolin. The data was analysed by GraphPad
Prism 7, exponential model.

For the in vitro stability experiment in plasma, PEG5-Grifolin
and internal standard substrate sulfanilamide was dissolved in
new collected mice plasma. Then, the solutions were placed in
37 �C. Aer indicated time, the solutions were frozen with liquid
nitrogen and stored at �80 �C until the HPLC analysis. For
HPLC analysis, the plasma was injected into HPLC via a 20 mL
needle and the peak area of sulfanilamide (A0) and PEG5-
Grifolin (A1) were collected at each time point. The ratio A1/A0
represented the relative concentration of PEG5-Grifolin. The A1/
A0 at the rst time point was set to 100%.

Viability assessment experiment

The viability assessment experiment was performed referred to
reported method.33 5000 cells in 50 mL corresponding culture
medium were seeded into 96-wells plate. Aer two hours, 50 mL
full culture medium containing double indicated concentration
drug was supplement into each well. Then, the plates were
incubated in cell incubator for 3 days, followed by adding 10 mL
CCK-8 into each well. Aer 1–4 h treatment, the OD value of
each well of 96-well plates was detected at 490 nm by Spec-
traMax Plus Microplate Reader. The data were analysed by
GraphPad Prism 7 nonlinear regression curve t.

Cell line and cell culture

Thanks to the Department of Anatomy and Cellular Pathology,
The Chinese University of Hong Kong for constructing and
donating C666-1 cell. 293T and Beas2b cells were from National
38912 | RSC Adv., 2021, 11, 38907–38914
Collection of Authenticated Cell Cultures of China. The human
nasopharyngeal carcinoma cell line C666-1 was grown in RPMI-
1640 media (Gibco) supplemented with 10% v/v heat-
inactivated fetal bovine serum (FBS), 1% w/v glutamine and
1% w/v antibiotics and cultured at 37 �C in a humidied incu-
bator containing 5% CO2. 293T and Beas2b cells were grown in
DMEM media (Gibco) supplemented with 10% v/v heat-
inactivated fetal bovine serum (FBS), 1% w/v glutamine and
1% w/v antibiotics and cultured at 37 �C in a humidied incu-
bator containing 5% CO2.

Tumor xenogra study

To study the inhibitory effect of PEG5-Grifolin on NPC in vivo,
a 6 weeks xenogra experiment using C666-1 cells was per-
formed by subcutaneously injecting 4 � 106 cells into 5 weeks-
old female BALB/c nu/nu mice. Aer the tumor grew to about
80–100 mm3 (tumor volume was calculated according to the
formula (V ¼ length � width2/2)), the mice were randomly
divided into three groups (n ¼ 8, each group): untreated,
intraperitoneally injected with PBS (vehicle), PEG5-Grifolin
(90 mg kg�1) or 5-AD (1 mg kg�1) every other day. At the end
of experiments, the mice were euthanized by CO2 inhalation
and the tumors were stripped and weighed. All animal proce-
dures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Xiangya hospital of
Central South University, and approved by the Animal Ethics
Committee of Xiangya hospital of Central South University.

Immunohistochemical analysis

The tumor tissue sections were deparaffinized in environmen-
tally friendly dewaxing agent (Solarbio, China) and rehydrated
with an ethanol-aqueous solution of decreasing concentrations.
For antigen retrieval, tissue sections were incubated in 10 mM
sodium citrate buffer (pH ¼ 6.0) for 20 min in a microwave
oven. The endogenous peroxidase activity was removed by
incubating with 3% hydrogen peroxide for 10 min and was
blocked in normal donkey serum for 30 min. The primary
antibodies (anti-DNMT1, anti-DAPK, anti-PTEN, anti-E-
cadherin) were applied at 4 �C overnight. Chromogen was
developed using DAB (Zsgbbio, China) and counterstained with
hematoxylin staining kit. Immuno-histochemical staining of
these sections was evaluated based on all of the available tumor
cells or epithelial cells meeting the typical morphological
criteria by 3 pathologists using the qualitative scale that is
described in the literature.

DNA bisulte sequencing PCR

Genomic DNA was extracted using a Tissue DNA kit (QIAGEN,
Inc., Hilden, Germany) and treated with bisulfate according to
the EZ DNA Methylation-Gold™ Kit instruction manual (Zymo
Research, USA). The promoter sequence was amplied from the
isolated DNA using touchdown PCR, extracted from an agarose
gel and loaded into the Puc18-T vector (Sangon Biotech Co., Ltd,
Shanghai, China) for TA cloning and sequencing by Shanghai
Sangon Biotech Company. The PCR conditions were as follows:
95 �C for 5 min; 35 cycles of 30 s at 94 �C, 30 s at 55 �C, and 50 s
© 2021 The Author(s). Published by the Royal Society of Chemistry
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at 72 �C; and a nal extension at 72 �C for 8min. The BSP primer
sequences for CpG region of DAPK1 were as follows: forward, 50-
TTTTTTAAAAAGTAAATAGGTGAGGT-30 and reverse, 50-
CACCTCCAAAATTCAAATAATTC-30. The BSP primer sequences
for CpG region of p16 were as follows: forward, 50-TTTGTAGT-
TAAGGGGGTAGGAGT-30 and reverse, 50-CTTTCCTACC-
TAATCTTCTAAAAAAC-30. In detail, 10 individual clones from
each group were selected and the number of detected methyl-
ated CpG sites was divided by the total 10 clones to evaluate the
methylation percentage of each CpG site. The total methylation
status of the core CpG region within the promoter from each
group was calculated by averaging the methylation rate of each
CpG site.
Genomic DNA extraction

The tumor tissues were cut into small pieces (<25 mg) and
placed in 1.5 ml centrifuged tubes. 20 ml proteinase K and 180 ml
ATL buffer were added, followed by violent vortexing. The
sample was incubated under 56 �C for 2 h. Then, 200 ml AL
buffer was added to the tubes and mixed thoroughly by vor-
texing. Aer incubated under 70 �C for 10 min, 200 ml ethanol
was added, followed by vortexing for 15 s and centrifuging.
Then, the samples were transferred to QIAamp mini spin
columns placed in a 2 ml collection tube. The samples were
centrifuged at 6000g for 1 min. Discard ow-through and
collection tube. Place the QIAamp mini spin column in a 2 ml
tube. Add 500 ml AW1 and centrifuge at 6000g for 1 min. Discard
ow-through and collection tube. Place the QIAamp mini spin
column in a new 2 ml tube. Add 500 ml AW2 and centrifuge at
20 000g for 3 min. Discard ow-through and collection tube.
Place the QIAampmini spin column in a 1.5 ml tube. Add 200 ml
AE buffer and incubate for 1 min. Centrifuge at 6000g for 1 min
to provide DNA samples for BSP analysis.
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