Journal of

Medicinal Chemistry

Subscriber access provided by CAL STATE UNIV SAN FRANCISCO

Polyamine-based Pt(IV) Prodrugs as Substrates for Polyamine
Transporters Preferentially Accumulates in Cancer Metastases as
DNA and Polyamine Metabolism Dual-Targeted Antimetastatic Agents
hanfang liu, Jing Ma, Yingguang Li, Kexin Yue, Linrong Li, Zhuoging Xi, Xiao Zhang, Jianing
Liu, Kai Feng, Qi Ma, Sitong Liu, Shudi Guo, Peng G. Wang, Chaojie Wang, and Songgiang Xie
J. Med. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.jmedchem.9b01641 « Publication Date (Web): 25 Nov 2019
Downloaded from pubs.acs.org on November 26, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 16 Journal of Medicinal Chemistry

oNOYTULT D WN =

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

Polyamine-based Pt(lV) Prodrugs as Substrates for Polyamine
Transporters Preferentially Accumulates in Cancer
Metastases as DNA and Polyamine Metabolism Dual-Targeted
Antimetastatic Agents

Hanfang Liu,™ Jing Ma,™" Yingguang Li, Kexin Yue,! Linyong Li," Zhuoging Xi,™ Xiao Zhang,$
Jianing Liu,! Kai Feng,! Qi Ma,’ Sitong Liu,” Shudi Guo," Peng George Wang," Chaojie Wang,%" and
Songgiang Xie,&"

7 School of Pharmacy, Institute for Innovative Drug Design and Evaluation, Henan University, N. Jinming Ave, 475004
Kaifeng, China

& School of Pharmacy, Institute of Chemical Biology, Henan University, N. Jinming Ave, 475004 Kaifeng, China.
$The Key Laboratory of Natural Medicine and Immuno-Engineering, Henan University, Kaifeng, 475004, China.
I School of medicine, Henan University Minsheng College, Kaifeng, 475004, China.

T Henan University of Science and Technology Second Affiliated Hospital, Luoyang, 471000, China.

I The State Key Laboratory of Microbial Technology and National Glycoengineering Research Center, Shandong University,
Qingdao, 266237, China.

# The authors contribute equally to this work.

KEYWORDS: Platinum drugs, Cancer, Polyamine Metabolism and Function, Anticancer and Antimetastatic Activity

ABSTRACT: Diverse platinum drug candidates have been designed to improve inhibitory potency and overcome resistance for
orthotopic tumor. However, the antimetastatic properties are rarely reported. We herein report that homospermidineplatin (4a), a
polyamine-Pt(IV) prodrug, can potently inhibit tumor growth in situ and reverse cisplatin resistance as expected. And more
importantly, 4a displays remarkably elevated antimetastatic activity in vivo (65.7%), compared to that of cisplatin (27.0%) and
oxaliplatin (19.6%). The underlying molecular mechanism indicates that in addition to targeting nuclear DNA, 4a can modulate the
polyamine metabolism and function in a different way from that of cisplatin. By up-regulating SSAT and PAO, 4a down-regulates
the concentrations of Put, Spd and Spm, which are in favor of suppressing fast-growing tumor cells. Moreover, the pS3/SSAT/p-
catenin and PAO/ROS/GSH/GSH-Px pathways are involved in the 4a-induced tumor metastasis inhibition. Our study implies a
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promising strategy for the design of platinum drugs to treat terminal cancer.

1. INTRODUCTION

One of the major causes of death in cancer patients and a
major obstacle in present chemotherapy are tumour metastasis.
Approximately 90% of cancer patient deaths are due to
metastatic cancer. [1, 2] Current anticancer agents can cure
well-defined primary tumour, but they have limited impacts on
metastatic cells. [3-5] Pt(Il) drugs and new Pt(IV) agents
prevail in the treatment of cancer, but they are less effective in
the treatment of metastatic tumour. [6] Thus, the design of
novel antimetastatic therapeutic agents, including new Pt
agents represents an area in need of urgent attention. Recently,
a surge in the activity of Pt drugs, based on a great deal of
mechanistic information, has been aimed at developing
nonclassical Pt(IV) complexes that operate via mechanisms of
action distinct from those of the approved drugs. [7-10] Our
projects [11] and others [12] previously focused on using
bioactive moieties to achieve enhanced pharmacological
effects, such as the modification of axial ligands to tune
lipophilicity or kinetics and the generation of dual- or multi-

targeting Pt(IV) complexes. Unfortunately, both Pt(I[) and
Pt(IV) complexes failed to provide simultaneous anticancer
and antimetastatic activity in vitro and in vivo.

Advances in our understanding of polyamine metabolism
and function and their alterations in cancer have led to
resurgence in the interest of targeting polyamine metabolism
as an anticancer strategy. [13a-13c] The requirements for
polyamine metabolism are dysregulated in cancer, thus
making polyamine function and metabolism attractive targets
for therapeutic intervention. Natural products with a
polyamine moiety have been found to prevent tumour cell
invasion. [13d-13f] Our group [14] has provided significant
evidence that some polyamine conjugates could potently
inhibit tumour growth and metastasis in vivo. The polyamines
spermidine (Spd), spermine (Spm) and their diamine precursor
putrescine (Put) are naturally occurring polycationic
alkylamines that are essential for eukaryotic cell growth. [13]
The intracellular pathway of mammalian polyamine
catabolism is a two-step process, the
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Table 1. ICs, (the concentration of inhibition cell proliferation by 50%) values (uM) of Pt(IV) prodrugs. Cells were treated for 48 h,

and the cell viability was determined by MTT assaysldl.

SMMC7721 Hela MDA-MB-231 MCF-7 HCT-116 A549cisR  A549 REFI
4a 0.99+0.14  0.96+0.19  1.32+0.14 0.50+0.09  0.99+0.19 1.41+0.19  2.70+0.25  0.52
6a 15.48+1.90  10.98+1.09 ND 14.58+1.89  6.96+0.69 ND ND ND
8a >20 ND >30 >30 >20 >50 >30 ND
cisplatin 23374126  15.02+1.23 32.48+1.49 9.60+0.60  5.30+0.14 42.89+1.89 10.20+0.89 4.01
FI®! 23.51 15.65 24.61 19.20 5.35 30.42 3.78 7.71
Oxaliplatin = 11.77+1.88  14.17+1.29  17.72+0.89 11.62+0.78  5.89+0.29 38.97+3.23 10.00+1.23 3.90
FI 11.89 14.76 13.42 23.24 5.95 27.64 3.70 7.50

[a] The RF (resistance factor) is defined as the ICs, value in A549cisR cells/ICs, value in A549 cells.

[b] FI (fold increase) is defined as ICsy(cisplatin)/ICso(4a).
[c] FI (fold increase) is defined as ICsy(oxaliplatin)/ICsy(4a).
[d] An average of three measurements. ND = not determined.

rate of which is controlled by the activity of the inducible
enzymes spermidine/spermine Nl-acetyltransferase (SSAT)
and Nl-acetylpolyamine oxidase (APAO). Moreover,
polyamine transporters (PTs) are also overexpressed in most
types of cancer cells, the identity of which is still unknown.
[13-14] Therefore, polyamine conjugates have become an
appealing strategy for the targeted delivery of anticancer drugs
with antimetastatic activity.

Moreover, recent advances in p53 regulation of ammonia
metabolism through the urea cycle controlling polyamine
biosynthesis and catabolism indicate that polyamine
metabolism and function are closely associated with cisplatin
resistance. [15] Targeting polyamine metabolism and function
may imply a practical strategy for the design of Pt drugs to
overcome cisplatin resistance in a totally new field.
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Figure 1. Chemical structures of homospermidineplatin (4a),
Pt(IV) prodrugs without polyamine modified 6a and the
released polyamine-ligand 8a.

Based on the key role of polyamine in mediating antitumor
and antimetastatic efficacy, we rationally designed multi-
action Pt prodrugs targeting polyamine function and
metabolism. We firstly designed and synthesized polyamine-
Pt(IV) conjugates 4-5 with the classical unsymmetrically-
substituted polyamine analogs 1-3, some of which have
entered Phase III clinical trials. [13a-13c] (Figure 1 and Figure
S1) Two clinical Pt(IT) drugs, cisplatin and oxaliplatin, were

selected for the construction of Pt(IV) complexes 4-7 to
investigate the influence of different Pt cores on antitumor
activity. Compounds 6a and 7a, without a polyamine
modification, were also designed to investigate the targeting
properties of polyamine. We also synthesized the released
polyamine-ligand 8a to study how the effects come about.
Feasible routes to 4-8 were established in Scheme S1-S3.

2. RESULTS AND DISCUSSION.

2.1 Synthesis and characterization of polyamine-Pt(IV)
conjugates.

We established feasible routes to 4-5 (Scheme S1-S3) given
in detail in the supporting information. The asymmetrically
functionalized Pt(IV) compounds e and z can be obtained by
the reaction of oxide-cisplatin and oxide-oxaliplatin with
palmitic anhydride and then succinic anhydride. [12a] In this
series, compounds 4-5 bear a hydrophobic polyamine chain
varying in connecting formats from d (4+4), q (3+3+3) to y
(3+3+3). The solid was filtered, washed several times with
absolute ethanol, and dried under vacuum to give the pure
target compound 4-5. All new compounds were characterized
by 'H, 13C, Pt NMR spectroscopy, ESI-MS (Figures S2-S29)
and CHN elemental analysis.

2.2 The stability of 4a.

The stability in water was evaluated using compound
homospermidineplatin (4a). We observed that 4a is highly
stable in water, as evidenced by no change in the HPLC
chromatogram after 24 h. (Figure S30) [12] And
approximately 70% of 4a remained unchanged even after 48 h
in RPMI 1640, suggesting that the compound is stable in
biological media. Pt levels in A549 and A549cisR cells with
no dependence on aminoguanidine (AG) indicated improved
metabolic stability. (Figure S31) [13f]

2.3 Invitro cytotoxicity effects.
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Figure 2. In vivo antimetastatic activity of 4a, 6a, cisplatin and oxaliplatin in 4T1 breast carcinoma tumors every two days for a

total of four treatments. A) Body weight of mice during treatment with 4a, 6a, cisplatin, oxaliplatin, and control group for 14 days.
B) Statistics of lung metastasis nodules from mice after treatment with 4a, 6a, cisplatin, oxaliplatin, and control group for 14 days.
C) Representative images of pulmonary metastasis from mice treated with control, 6a (14 mg/kg, 4.8 mg Pt/kg), oxaliplatin (5
mg/kg, 2.46 mg Pt/kg), cisplatin (5 mg/kg, 3.26 mg Pt/kg), 4al (5 mg/kg, 1.20 mg Pt/kg), 4a2 (10 mg/kg, 2.40 mg Pt/kg), 4a3 (20
mg/kg, 4.80 mg Pt/kg) by intravenous delivery once every two days (n = 8 mice per group). **P<0.01; ***P<0.001.

The in vitro anticancer activity of these newly synthesized
polyamine-Pt(IV) compounds was assessed by using the MTT
assay (Table 1 and Table S3). [15¢-15d] The oxaliplatin-based
Pt(IV) compound 5a is less active than the corresponding
cisplatin-based analog 4c¢. For cisplatin-based scaffolds (4a-
4c), 4a with the homospermidine moiety is more potent than
its alkynyl (4b) and cyclopropyl (4c) counterparts. 4a is
significantly more active than cisplatin and oxaliplatin in all of
the tested cancer cells with some potencies in the nanomolar
range, I1Csy values of which is almost 30 folds lower than
cisplatin and oxaliplatin. The RF (resistance factor) values of
polyamine-platinum(IV) conjugates 4 and 5 (RF 0.24-0.84)
are 5-17 folds lower than that of cisplatin (RF=4.01),
indicating its better ability to overcome cisplatin resistance.
Moreover, polyamine-platinum(IV) conjugates 4 and 5 (SI
1.47-4.52) show lower cytotoxicity in normal cells HL-7702,
with selectivity index (SI) values 3-12 folds higher than those
of cisplatin and oxaliplatin. (Table S4) A similar tendency was
observed by ICP-MS (Figure S32).

Additionally, polyamine-platinum(IV) conjugate 4a
exhibited better cell-killing effects than the Pt(IV) prodrugs 6a,
7a without polyamine modified, and especially the released
polyamine-ligand 8a (Table 1), indicating that polyamine
plays an important role in the synthesized platinum(IV)
conjugates. Among these compounds, 4a displays the highest
cytotoxicity. Therefore, we focus on 4a for the following tests.

2.4 Invivo antitumor and antimetastatic activities.

Our group [14] and others [13] emphasize the importance of
the potential antimetastatic activities of polyamine conjugates.
And cisplatin is well known to be a poor metastasis inhibitor.

To evaluate if 4a with a polyamine motif can prevent the
tumor metastasis, the in vitro transwell assay was conducted.
Compared with cisplastin, 4a could inhibit breast cancer
migration more potently in a dose-dependent manner as
illustrated in Figure S33. This prompted us to further test the
in vivo antitumor and antimetastatic activities of 4a.

As shown in Table S3, the ICs, of 4a in MCF-7 cells is 0.50
uM, which is the highest in all tested cancer cells, indicating a
better therapeutic effect in breast cancer. Cellular drug uptake
and DNA platination of 4a in the lung carcinoma cell lines
A549 and A549cisR, the hepatocellular carcinoma cell line
SMMC-7721 and the breast cancer cell line MCF-7 were also
tested by ICP-MS (Figure S34). The highest Pt levels in MCF-
7 suggest a potential therapy for breast cancer. Therefore, we
tested the in vivo antitumor and antimetastatic activities of 4a
in the breast cancer model.

Metastasis is the main factor affecting mortality in cancer
patients, and the lung is one of the most common sites. [16]
Therefore, we injected 4T1 breast cancer cells via the tail vein
to assess whether 4a was effective against pulmonary
metastasis in vivo. Surprisingly, 4a significantly reduced the
number of tumour metastatic nodules (65.78%) as shown in
Figure 2, which was 3-fold higher than that of cisplatin
(27.03%) and oxaliplatin (19.65%). In addition, the body
weight of the mice after treatment with 4a showed no
significant difference with the control group (Figure 2A).
Moreover, the variations in the organ weight indices implied
that 4a had no obvious patholog-
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Figure 3. In vivo antitumor activity of 4a, polyamine ligand 8a, 6a without polyamine modified, cisplatin and oxaliplatin in 4T1
breast carcinoma tumors. Eight mice each received the vehicle, cisplatin (5 mg/kg, 3.26 mg Pt/kg), oxaliplatin (5 mg/kg, 2.46 mg
Pt/kg), cisplatin + Polyamine ligand (1:1, 5 mg/kg cisplatin + 5 mg/kg Polyamine ligand), 4a (5 mg/kg, 1.20 mg Pt/kg; 10 mg/kg,
2.40 mg Pt/kg; 20 mg/kg, 4.80 mg Pt/kg) 6a (14 mg/kg, 4.8 mg Pt/kg) or 8a (20 mg/kg) intravenously (i.v.) every two days for a
total of four treatments. A) Body weight of the mice during treatment. B) Tumor weight in each group at the end of the experiment.
C) Tumor growth as a function of time. D) Images of the tumors at the end of the experiment. First horizontal line, control group;
Second line, polyamine ligand 8a group; Third line, 6a group; Fourth line, oxaliplatin group (5 mg/kg, 2.46 mg Pt/kg); Fifth line,
cisplatin + Polyamine ligand group; Sixth line, cisplatin group (5 mg/kg, 3.26 mg Pt/kg); Seventh line, 4a group (5 mg/kg, 1.20 mg
Pt/kg); Eighth line, 4a group (10 mg/kg, 2.40 mg Pt/kg); Ninth line, 4a group (20 mg/kg, 4.80 mg Pt/kg). **, P < 0.01; *** P <

0.001.

ical changes compared with the control group in the in vivo
toxicological profile experiments (Figure S35).

To further evaluate the potential safety of the polyamine
conjugates in vivo, we conducted an acute toxicity study of 4a,

6a, cisplatin and oxaliplatin using BALB/c mice aged 5 weeks.

Both the MTD and LDs, values of 4a are nearly 6-10 folds
higher than those of 6a, cisplatin and oxaliplatin in Table S5.
The ratios of the cytotoxicity (ICsp) to MCF-7 cells to the
animal lethal dose values (LDsy) of 4a were used as a measure
of the therapeutic index. [12a] The results show that 4a is the
safest complex with a therapeutic index over 33-fold higher
than that of the clinical drug cisplatin and oxaliplatin.

We also tested the in vivo antitumor activity of 4a in the
breast cancer model. (Figure 3) On day 13, the average tumour
volume was 1025 mm? for the control group and 400 mm? for
4a, which was 61% and 36% lower than that of the control and
oxaliplatin-treated ~groups, indicating marked antitumor

activity in vivo. Upon 4a treatment, the tumour weight
decreased significantly to 29% of that in the control group. 4a,
with the inhibition ratio of 75.44%, was better than that of
cisplatin (57.06%) and oxaliplatin (54.22%). Furthermore, the
acceptable toxicity of 4a was confirmed by measuring the
change in body weight (Figure 3A). After the last injection,
the body weight of 4a returned to 107% and cisplatin down to
80% of the initial weight. These results indicate that 4a is
highly efficient in inhibiting tumour growth in vivo. Moreover,
the variations in the organ weight indices of 4a had no obvious
pathological changes compared with the control group in the
in vivo toxicological profile experiments (Figure S36).

2.5 4ais transported by PTs.

For the first time, we found the rational discovery and
evaluation of homospermidineplatin (4a), a polyamine-Pt(IV)
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prodrug providing simultaneous enhanced anticancer and
antimetastatic activity in vitro and in vivo. More efforts were
thus conducted to illustrate the underlying molecular
mechanism.

One crucial question in polyamine-conjugate chemistry is
whether 4a is actively transported by PTs. [13, 14] Spd, a
natural PTs ligand, is usually used to compete with the
polyamine conjugate for the PTs. The reduced -cellular
concentration of the polyamine conjugate by the added Spd
indicated that the polyamine conjugate enters the cell by PTs.
Cellular uptake and platination of nuclear DNA were first
monitored in the absence and presence of Spd (Figure S37). A
68% reduction in cellular uptake and a 50% reduction in
nuclear DNA were observed in the presence of 20 uM Spd.
Under similar conditions, the cellular uptake of 6a and
cisplatin did not significantly change. The same results can be
observed in MCF-7 cells in Figure S38. It is reasonable that an
increase in the cellular viability (23%) of 4a with Spd,
accompanied by the reduced drug accumulation was also
observed in Figure S37C. In summary, the uptake assays
support the hypothesis that PTs were at least partially involved
in the cellular entrance of 4a.

2.6 The cellular accumulation and distribution of Pt in
A549 and A549cisR cells.

A. B.
Whole cell uptake Platination of nuclear DNA
il A549
E3 A549 *xx E= A549cisR
EZ3 A549cisR =

ng Pt/2*10° cells

Whole cell uptake (ng Pt/2x 10° cells)

o 3 2 g
[9) W < &

Figure 4. Cellular uptake and distribution following 8 h incubation with
10 uM 4a in A549 and A549cisR cells. A) Pt accumulation in A549 and
A549cisR cells upon 10 uM treatment for 8 h. B) Platination levels of
nuclear DNA extracts from A549 and A549cisR cells after 8 h incubation
with 10 pM tested compounds. ***, P<0.001.

Next, the cellular accumulation and distribution of Pt in
A549 and A549cisR cells were measured (Figure 4). The Pt
accumulation of 4a in A549cisR cells was almost 23 times
greater than cisplatin and 6a. (Figure 4A) And also the Pt
levels in A549cisR and A549 genomic DNA were 19.74 and
18.78 ng Pt per 2x10° cells, respectively, which was 2-6 folds
higher than cisplatin and 6a. (Figure 4B)

2.7 Apoptosis induced by DNA damage and DNA binding
properties after reduction.

To further determine if apoptosis was induced by DNA
damage, flow cytometry experiments using Annexin V/PI
double staining were conducted. (Figure S39) Treatment with
4a (5 pM) resulted in A549cisR cell apoptosis with early
apoptotic cells (33.00%) and late apoptotic cells (37.50%),
which was higher than that of cisplatin (15 uM). We also
investigated the reduction and DNA binding properties of
cisplatin and 4a with ascorbic acid using 5°’-dGMP as the
DNA model for the inherent proficiency of the Pt prodrugs to

bind at the N7 position of guanine bases. [11] The fractions
that contained unknown peaks were separated and identified
by ESI-MS analysis, observing the same products as cisplatin.
(Figure S40 and Table S6) The higher FI of inhibition ratio for
4a/cisplatin with the same Pt levels in genomic DNA in
A549cisR cells (Figure S41) indicated that the mechanism of
4a was different from that of cisplatin. (Table S7)

We further examined the expression levels of phospho-
histone H2A-X (Ser139) by immunoblotting (Figure S42) to
determine whether 4a is able to cause DNA damage. [17] We
can see a slight increase of phospho-histone H2A-X (Ser139)
after treatment with 4a compared with cisplatin and 6a.

A.
4a Cis.
c 5 10 15 15 (uM)
pss [ S M| 2o
B-actin | e e— o — o | 43 kDa
B.

N

Relative gene expression of
p53
(P53/GAPDH)

anﬁﬂ

T
D
2

. .
N N
% &

» e
&

Concentration (uM)
Figure 5. Effects of different concentrations of 4a and cisplatin on p53
protein and gene expression in AS549cisR cells. A) Effect of 4a and
cisplatin on p53 protein in A549cisR cells after 24 h treatment. B) qRT-
PCR analysis of the p53 transcriptional level was performed with total
RNAs purified from A549cisR cells treated with 4a and cisplatin after 24h.

Due to the weak influence of 4a on phospho-histone H2A-X
(Ser139), we tested the change of p53 gene and p53 protein,
which also plays an important role in cell apoptosis and
cisplatin resistance. We observed after treatment with 4a, the
p53 protein and p53 gene were 3 folds higher levels than
cisplatin (Figure 5). Recently, it is reported ureagenesis and
ammonia metabolism including SSAT have a great influence
on p53. [15] Markedly higher levels of the polyamines
including Put, Spd, and Spm (Figure 5B) and a lack of p53
function (Figure 4) in A549cisR cells treated by cisplatin were
observed for the first time, which was totally in contrary to 4a,
indicating that polyamine metabolism and function are good
targets to overcome cisplatin resistance and targeting
polyamine metabolism and function is a practical strategy for
the design of Pt drugs to overcome cisplatin resistance in a
totally new field. We next examined polyamine metabolism
and function because such properties maybe the main factors
significantly affecting the activity of 4a.

2.8. By promoting pS5S3/SSAT/B-catenin and PAO/ROS/
GSH/GSH-Px pathway, 4a significantly inhibits tumour
metastasis and overcomes cisplatin resistance.
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Figure 6. Effects of different concentrations of 4a (A) and
cisplatin (B) on SSAT expression in A549cisR cells after 24 h
treatment.

Next, two key catabolism enzymes SSAT and PAO in
polyamine cycle were determined to explore the detailed
reason. We found 4a markedly up-regulated the expression of
SSAT in A549cisR cells (Figure 6A), which is totally opposite
to cisplatin (Figure 6B). Our group also found that the B-
catenin signalling pathway is vital in SSAT-regulated cell
migration and invasion [14]. Next, p-catenin was also
determined. The down-regulation of B-catenin after treatment
with 4a indicates significant antitumor migration activity,
which also cannot be observed in cisplatin group (Figure 7).

A B
0 5 10 15 (uW) 0 5 10 15 (M)

B-catenin E Bcatenin] W-—_— N —— 20kDa
G | -— e I B"f’C“”I — = = I B0

Figure 7. Effect of 4a (A) and cisplatin (B) on [-catenin
expression in A549cisR cells with 10 pM after 24 h treatment.

In addition to SSAT, PAO is another critical catabolism
enzyme. Moreover, one of the crucial reasons for Pt drug
resistance is that Pt drugs are easily poisoned by S-containing
proteins. [6, 7a] Cisplatin bound to a S-containing protein is
immediately excreted through multidrug resistance protein. [6,
7a, 18] By raising the levels of PAO, polyamine conjugates
can also up-regulate oxidizing substances ROS and down-
regulate reducing substances such as GSH and GSH-Px to
overcome cisplatin resistance. Surprisingly, we found that the
relative PAO activity upon 4a treatment is almost 2-10 folds
higher than 6a, 8a and cisplatin (Figure 8A and 8B). Our
group previously reported [19] a significant accumulation of
ROS is closely related to PAO activity.
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Figure 8. 4a affects polyamine metabolism and function by
upregulating PAO and ROS and downregulating GSH and
GSH-Px. (A) Effect of 4a, 8a, cisplatin and 6a on PAO
expression in A549cisR cells with 10 uM after 24 h treatment.
(B) Effect of 4a, cisplatin and 6a on PAO expression in A549
cells with 10 uM after 24 h treatment. (C). Effect of 4a,
cisplatin and 6a on ROS expression in A549cisR cells with 10
puM after 24 h treatment. (Yellow, homospermidineplatin 4a;
Green, cisplatin; Red, control group) (D, E) GSH and GSH-Px
expression in A549 and A549cisR cells after 24 h treatment by
4a, 8a, 6a and cisplatin, respectively.

The ROS content measured by FCM (flow cytometry)
(Figure 8C) in A549cisR cells after treatment with 4a was also
higher than that of cisplatin. High levels of oxidizing ROS can
decrease reducing substances, such as GSH and GSH-Px. GSH
and GSH-Px content in A549cisR cells upon 10 uM 4a
treatment were 3-fold lower than the control group in Figure
8D and 8E. The significantly elevated cellular levels of PAO
are believed to be among the major reasons for the marked
cytotoxicity of 4a to overcome cisplatin resistance. We also
found the P-gp is also partially involved in the mechanism of
4a to overcome cisplatin resistance. (Figure S43)

A. B.
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Figure 9. Effect of 4a, 6a, and cisplatin on polyamine
metabolism and function. Polyamine (Put, Spd, and Spm)
concentrations in A549 (A) and A549cisR cells (B) after 24 h
treatment with or without 4a were determined. Cisplatin and
6a are the reference drugs. ***P< 0.001.
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Figure 10. Proposed mechanism of action for polyamine-Pt(IV) prodrugs.

4a significantly upregulated two key catabolism enzymes
SSAT and PAO in polyamine cycle. The upregulated SSAT
and PAO can decrease the concentrations of Put, Spd and Spm
to promote polyamine metabolism and suppress fast-growing
tumour cells. Next, the contents of endogenous polyamine,

Spm, Spd, and Put in A549 and A549cisR cells were measured,

which plays an important role in polyamine metabolism and
function (Figure 9). [13] Compared with 6a, cisplatin and the
control group, 4a preferentially down-regulated the
concentrations of Put, Spd and Spm in A549 and A549cisR

cells. Moreover, the significant down-regulated SSAT and p53,

and up-regulated Put, Spd and Spm (Figure 9B) after treated
with cisplatin in A549cisR cells, which is totally opposite to
4a, imply that targeting polyamine metabolism and function is
a practical strategy for the design of Pt drugs to overcome
cisplatin resistance in a totally new field.

3. CONCLUSIONS

Taken together, our findings provide the first example of
polyamine-platinum(IV) prodrugs, targeting polyamine cata-
bolic enzyme SSAT and PAO by PTs to regulate tumour high
polyamine microenvironment and overcome cisplatin
resistance, providing simultaneous enhanced anticancer and
antimetastatic activity. (Figure 10) Prodrug 4a induces
apoptosis and causes DNA damage by up-regulating the p53
gene and p53 protein. The possible mechanism of polyamine-
Pt(IV) complexes is targeting SSAT and PAO to down-
regulate Put, Spd and Spm in A549cisR cells, which is totally
opposite to cisplatin. The B-catenin signalling pathway is vital
in 4a regulated cell migration and invasion in vitro and in vivo.
By raising the levels of PAO, polyamine conjugates up-
regulate oxidizing substances ROS and down-regulate
reducing substances such as GSH and GSH-Px to overcome
cisplatin resistance.

The discovery of the potential role of homospermidineplatin,

a polyamine-Pt(IV) prodrug, broadens our strategy for the
design of more potential antimetastatic agents, although the
details of the homospermidineplatin antimetastatic mechanism
require further exploration. Markedly higher levels of the
polyamines Put, Spd, and Spm, the down-regulation of SSAT
and a lack of p53 function after treatment with cisplatin in

AS549cisR cells imply that polyamine metabolism and function
are good targets to overcome cisplatin resistance, which is
totally opposite to polyamine-Pt(IV) prodrug. This evidence
may be beneficial to the discovery of new Pt drugs to
overcome cisplatin resistance in a totally new field and the
treatment of terminal cancer.

4. EXPERIMENTAL
4.1 HPLC Studies.

The purities of all target compounds were determined by
HPLC (Waters E2695-2998 equipped with a Venusil MP C18
column (150 X 4.6 mm, 5 pm). The purity of the platinum
complexes (4 - 7) were confirmed to be = 95% by analytical
HPLC. Method for determining the purity of target
compounds and the purities results were shown in Table S1
and S2, respectively.

4.2 General Procedure for the Synthesis of Compound
4al.

To a solution of e (0.38 mmol) in DMF (10 mL) was added
a DMF solution (0.5 mL) containing HATU (0.57 mmol). This
mixture stirred for 10 min at room temperature. A DMF
solution containing d (1.5 mmol) and DIPEA (0.92 mmol) was
added to the resulting solution. The mixture was stirred at
room temperature for 24 h in the dark. The DMF was then
removed under vacuum to afford a yellow oil. Compound 4al
was purified by silica gel column chromatography as a yellow
solid in a yield of 50%. 'H NMR (300 MHz, MeOD) 6 =3.17
—3.10 (m, 2H), 3.11 — 2.78 (m, 6H), 2.71 — 2.53 (m, 2H), 2.46
(s, 2H), 2.38 — 2.20 (m, 2H), 1.55 (t, J/=16.9, 8H), 1.43 (d,
J=7.2, 28H), 1.27 (s, 16H), 0.91 (t, J=16.6, 3H). 3C NMR
(300 MHz, MeOD) & = 175.08, 174.30, 164.74, 158.27,
157.17, 80.47, 80.10, 55.67, 40.87, 40.39, 40.08, 37.00, 32.95,
30.71,30.37, 28.77, 28.18, 27.51, 26.90, 23.63, 14.51.

4.3 General Procedure for the Synthesis of Compound 4a.

Intermediate 4al was dissolved in EtOH (10 mL) and
stirred at 0 °C for 10 min. Then, 4 M HCI was added dropwise
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at 0 °C. The reaction mixture stirred at room temperature for
2448 h and monitored by TLC. The solution typically gave a
faint yellow solid as a precipitate. The solid was filtered,
washed several times with absolute ethanol, and dried under
vacuum to give the pure target compound 4a. 'H NMR (300
MHz, MeOD) 6 = 3.19 (d, J/=20.4, 6H), 2.95 (dd, J=17.3, 7.4,
6H), 2.53 (t, J=6.2, 2H), 2.40 (d, J=6.6, 2H), 2.28 (t, J=7.6,
2H), 1.88 — 1.38 (m, 10H), 1.21 (s, 24H), 0.82 (t, J=6.2, 3H).
3C NMR (300 MHz, MeOD) & = 184.14, 182.29, 175.55,
40.18, 39.29, 37.07, 33.08, 32.87, 32.73, 30.81, 30.68, 30.57,
30.48, 30.37, 27.36, 27.02, 25.65, 24.44, 24.28, 23.74, 14.45.
195pt NMR (86 MHz, DMSO-d6): dppm 1233. ESI-MS
(positive ion mode): m/z [M]*": caled: 812.4297; obsd:
812.4259 Calcd for C,3Hg3C14N5OsPt: C 37.93%, H 7.16%, N
7.90%. Found: C 38.10%, H 7.12%, N 7.92%.

4.4 General Procedure for the Synthesis of Compound
4b1.

To a solution of e (0.38 mmol) in DMF (10 mL) was added
a DMF solution (0.5 mL) containing HATU (0.57 mmol). This
mixture stirred for 10 min at room temperature. A DMF
solution containing q (1.5 mmol) and DIPEA (0.92 mmol) was
added to the resulting solution. The mixture was stirred at
room temperature for 24 h in the dark. The DMF was then
removed under vacuum to afford a yellow oil. Compound 4b1
was purified by silica gel column chromatography as a yellow
solid with a yield of 47%. '"H NMR (300 MHz, MeOD) 3 =
3.28 — 3.16 (m, 2H), 3.09 (d, J=11.2, 11H), 2.63 — 2.42 (m,
2H), 2.35 (d, J=7.5, 2H), 2.23 (s, 2H), 1.96 — 1.40 (m, 8H),
1.35 (s, 27H), 1.28 — 0.87 (m, 22H), 0.78 (t, J/=6.1, 3H). 13C
NMR (300 MHz, MeOD) 6 = 175.19, 174.36, 157.16, 156.55,
81.57, 80.94, 73.18, 46.24, 46.04, 45.81, 37.99, 37.01, 33.02,
32.73, 32.50, 30.76, 30.63, 30.51, 30.43, 30.29, 30.19, 28.83,
26.97,25.99, 23.69, 19.34, 14.51.

4.5 General Procedure for the Synthesis of Compound 4b.

Intermediate 4b1 was dissolved in EtOH (10 mL) and
stirred at 0 °C for 10 min. Then, 4 M HCI was added dropwise
at 0 °C. The reaction mixture stirred at room temperature for
2448 h and monitored by TLC. The solution typically gave a
faint yellow solid as a precipitate. The solid was filtered,
washed several times with absolute ethanol, and dried under
vacuum to give the pure target compound 4b. 'H NMR (300
MHz, MeOD) 6 = 3.73 (m, 1H), 3.28 — 2.83 (m, 18H), 2.43 (d,
J=22.4, 4H), 2.25 — 1.39 (m, 8H), 0.93 (s, 24H), 0.78 (s, 3H).
13C NMR (300 MHz, MeOD) & = 176.16, 170.19, 152.41,
87.01, 73.92, 46.42, 46.24, 34.97, 34.79, 33.13, 33.03, 31.27,
30.71, 30.63, 30.52, 30.43, 30.32, 30.15, 30.03, 26.09, 24.34,
23.69, 19.41, 14.40. Pt NMR(86 MHz, DMSO-d6): dppm
1236. ESI-MS (positive ion mode): m/z [M]*: calcd: 881.4134;
obsd: 881.4167. Calcd for C;HgCIsNgOsPt: C 38.81%, H
7.02%, N 8.49%. Found: C 38.89%, H 7.12%, N 8.38%.

4.6 General Procedure for the Synthesis of Compound 4cl.

To a solution of e (0.38 mmol) in DMF (10 mL) was added
a DMF solution (0.5 mL) containing HATU (0.57 mmol). This
mixture was stirred for 10 min at room temperature. A DMF
solution containing y (1.5 mmol) and DIPEA (0.92 mmol) was
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added to the resulting solution. The mixture was stirred at
room temperature for 24 h in the dark. The DMF was then
removed under vacuum to afford a yellow oil. Compound 4c¢l
was purified by silica gel column chromatography as a yellow
solid with a yield of 40%. '"H NMR (300 MHz, CDCl;) 6 =
3.74 (d, J=6.1, 2H), 3.22 (s, 16H), 2.60 (d, J=32.1, 7H), 1.77
(m, 5H), 1.40 (m, 54H), 0.92 (s, 2H), 0.78 (s, 2H), 0.63 (s,
3H)."3C NMR (300 MHz, CDCl;) 6 = 182.08, 173.24, 156.65,
156.21, 155.48, 79.68, 79.42, 79.33, 54.39, 46.85, 45.26,
44.92, 43.95, 42.61, 32.20, 31.96, 31.87, 29.68, 29.63, 29.31,
28.71, 28.45, 27.73, 25.72, 22.64, 18.01, 14.08, 12.35, 8.02.

4.7 General Procedure for the Synthesis of Compound 4c.

Intermediate 4cl was dissolved in EtOH (10 mL) and
stirred at 0 °C for 10 min. Then, 4 M HCI was added dropwise
at 0 °C. The reaction mixture was stirred at room temperature
for 24-48 h and monitored by TLC. The solution typically
gave a faint yellow solid as a precipitate. The solid was
filtered, washed several times with absolute ethanol, and dried
under vacuum to give the pure target compound 4c. 'H NMR
(300 MHz, D,0) 6 =4.10 — 3.98 (m, 1H), 3.10 (m, 21H), 2.59
(d, J/=28.9, 4H), 2.42 (s, 3H), 2.24 — 1.58 (m, 12H), 1.31 —
0.97 (m, 6H). *C NMR (300 MHz, D,0) 6 = 179.71, 179.55,
49.15, 48.99, 48.92, 48.75, 40.24, 40.09, 34.46, 34.42, 34.35,
33.74, 30.00, 29.97, 29.90, 27.00, 26.78, 17.62, 7.70. %Pt
NMR 86
MHz, DMSO-d6): dppm 1234. ESI-MS (positive ion mode):
m/z [M+Na]": calcd: 893.4276; obsd: 893.4278. Calcd for
C;3,H7,CIsNgOsPt: C 38.73%, H 7.21%, N 8.47%. Found: C
38.65%, H 7.32%, N 8.42%.

4.8 General Procedure for the Synthesis of Compound
Sal.

To a solution of z (0.38 mmol) in DMF (10 mL) was added
a DMF solution (0.5 mL) containing HATU (0.57 mmol). This
mixture was stirred for 10 min at room temperature. A DMF
solution containing y (1.5 mmol) and DIPEA (0.92 mmol) was
added to the resulting solution. The mixture stirred at room
temperature for 24 h in the dark. The DMF was then removed
under vacuum to afford a yellow oil. Compound 5al was
purified by silica gel column chromatography as a yellow
solid in a yield of 39%. 'H NMR (300 MHz, CDCl;) 8 = 3.05
(dd, J=17.1, 18H), 2.49 (d, J/=8.4, 7H), 1.89 — 1.00 (m, 65H),
0.84 (d, J=6.8, 2H), 0.71 (d, J=5.7, 2H), 0.55 (s, 3H). 13C
NMR (300 MHz, CDCl3) 6 = 175.65, 172.54, 165.32, 156.77,
155.60, 79.44, 46.93, 45.38, 44.92, 36.23, 32.01, 31.95, 29.81,
29.76, 29.67, 29.50, 29.44, 29.31, 28.84, 28.56, 27.94, 27.82,
25.85,25.80, 22.76, 14.19, 8.14.

4.9 General Procedure for the Synthesis of Compound Sa.

Intermediate Sal was dissolved in EtOH (10 mL) and
stirred at 0 °C for 10 min. Then, 4 M HCI was added dropwise
at 0 °C. The reaction mixture was stirred at room temperature
for 24-48 h and monitored by TLC. The solution typically
gave a faint yellow solid as a precipitate. The solid was
filtered, washed several times with absolute ethanol, and dried
under vacuum to give the pure target compound 5a. '"H NMR
(300 MHz, CDCl;) 8 = 3.02 (m, 13H), 2.33 (m, 5H), 1.38 (s,
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32H), 1.19 (s, 11H), 0.74 (m, 4H), 0.52 (m, 2H). 3C NMR
(300 MHz, CDCl3) 6 = 171.73, 171.42, 155.65, 154.48, 45.81,
4431, 43.99, 42.65, 35.23, 30.89, 30.83, 28.69, 28.64, 28.55,
28.38, 28.32, 28.19, 27.72, 27.44, 26.75, 24.68, 21.64, 13.07,
7.02. 195pt NMR (86
MHz, DMSO-d6): dppm 1611. ESI-MS (positive ion mode):
m/z [M+Na]*: caled: 994.5522; obsd: 994.5533. Calcd for
C4oH7sCL31NgOgPt: C 44.10%, H 7.31%, N 7.71%. Found: C
44.18%, H 7.29%, N 7.79%.

4.10 General Procedure for the Synthesis of Compound 6a
and 7a

The synthetic routes of 6a and 7a have been reported by our
group. [14]

4.11 General Procedure for the Synthesis of Compound 8a.

Our group has reported the synthetic route of d. [14] After
reaction with succinic anhydride overnight, the intermediate
was dissolved in EtOH (10 mL) and stirred at 0 °C for 10 min
to give the target compound 8a-1. 8a-1 'H NMR (300 MHz,
MeOD) & = 3.17 (s, 3H), 2.98 (m, 9H), 2.61 — 2.32 (m, 4H),
1.85 (m, 10H), 1.55 (d, J=6.6, 4H), 1.23 (s, 8H). C NMR
(300 MHz, CDCl;) 6 = 174.85, 172.29, 155.53, 155.39, 81.15,
80.59, 58.04, 50.24, 29.49, 28.68, 28.40, 28.35, 28.25, 28.10.
Then, 4 M HCI was added dropwise at 0 °C. The reaction
mixture stirred at room temperature for 24-48 h and
monitored by TLC. The solution typically gave a faint yellow
solid as a precipitate. The solid was filtered, washed several
times with absolute ethanol, and dried under vacuum to give
the pure target compound 8a. 'H NMR (300 MHz, MeOD) § =
3.44 — 3.24 (m, 2H), 3.15 — 2.92 (m, 10H), 1.78 (dt, /=44.0,
22.1, 11H). 3C NMR (300 MHz, MeOD) 6 = 173.01, 171.47,
46.50, 28.29, 28.23,27.81, 27.75, 27.51.

4.12 In Vitro Cellular Cytotoxicity Assays

Cells seeded in 96-well plates were incubated in a 5% CO,
atmosphere in 100 pL of complete medium at 37 °C for 24 h.
Then, 100 pL of freshly prepared culture medium containing
drugs at different concentrations was added and incubated for
another 48 h. MTT (5 mg/mL, 20 pL) was added and
incubated for 3 h. Finally, the medium was removed, and
DMSO (150 pL) was added. The absorbance was measured at
570 nm using a Bio-Rad 680 microplate reader. The ICs
values were calculated using GraphPad Prism software.
Technical repetitions and independent experiments were based
on three parallel experiments.

For cytotoxicity assays using the PAT inhibitor Spd, a
similar procedure as described above was followed, except
that A549cisR cells (5000 cells/well) were seeded on a 96-
well plate in 100 pL of RPMI and incubated for 24 h at 37 °C.
Spd-containing RPMI medium was used for serial dilution of
the platinum compound-containing concentrated solutions, and
100 pL/well was added. The cytotoxicity profiles of the
compounds were evaluated using the MTT assay.

A PAO, GSH and GSH-Px Preparation Kit (containing
reduced and oxidized glutathione) was used for the isolation of
PAO, GSH and GSH-Px in A549 and A549cisR cells, and
PAO, GSH and GSH-Px concentrations treated with several

agents in the A549 and A549cisR cellular assays were also
measured by microplate reader according to the procedure as
described in our previous projects. [14]

4.13 In vivo antitumor and antimetastasis assays

In compliance with the Guide for the Care and Use of
Laboratory Animals, we chose healthy female BALB/c mice
(from the Laboratory Animal Center, Academy of Military
Medical Science, Cat. SCXK 2016-0006, Beijing, China) aged
5 weeks, weighing 18—22 g. 4T1 cells (1 x 10° cells per mouse)
were injected via the tail vein for the determination of lung
metastasis and anticancer activity. 4a was dissolved in glucose
injection and immediately used after preparation. All animal
procedures were performed following the protocol approved
by the Institutional Animal Care and Use Committee at Henan
University. The projects in vivo were approved by the ethical
committee with the number of the approved ethical vote
HUSOM-2016-316.

For antimetastatic activity in vivo, the tumor cells were
inoculated for 7 days to ensure the growth of pulmonary
metastasis before drug treatment. On day 8, we injected via the
tail vein compound 4a (5.0 mg/kg, 10 mg/kg, or 20 mg/kg),
oxaliplatin (5 mg/kg, positive control), or normal saline
(negative control) every two days for a total of four treatments
with the randomly grouped mice (n = 8 mice per group). On
day 15, we anesthetized and euthanized the mice and removed
the lungs. We counted the lung metastasis nodules of each
mouse after fixation with 4% paraformaldehyde for 1 day.

For the solid tumor study, tumors were 80-120 mm? after 1
week. Then, mice were injected via the tail vein with 4a (5.0
mg/kg, 10 mg/kg, or 20 mg/kg), oxaliplatin (5 mg/kg, positive
control), or physiological saline (negative control) every two
days for a total of four treatments. The mice were weighed
every two days, and the tumor volume was measured by a
Vernier caliper.

The mice were sacrificed by anesthesia and the tumor
tissues were removed and weighed. We calculated the
inhibition rate as follows: inhibition rate (%) = [(average
tumor weight of negative control group — average tumor
weight of the drug treated or positive control group)/average
tumor weight of control group] x 100. Moreover, on the last
day, we removed and weighed the organs (heart, liver, kidney,
lung, and spleen) of the mice. We calculated the organ weight
index as follows: organ index (%) = (organ weight/body
weight) x 100%

4.14 In vivo MTD and LDs, antitumor assays

The maximum tolerated dose (MTD) (n = 10 mice per
group) was evaluated by calculating body weight loss (mean
weight loss <15% and <15% toxic deaths) and the lethal dose
values (LD50) (n = 10 mice per group) were determined. The
TI value was calculated according to the procedure as previous
described. [12b]

4.15 Transwell Migration Assay
Transwell migration assays were performed by using modified

Boyden’ s chamber in 24-well cell culture plate with a 8 um
pore. Chambers were washed with PBS for three times. Then
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the medium with the tested compound was placed in the lower
chamber, and cells were seeded in the top chamber. Cells were
treated with 4a or cisplatin at 37 °C in a humidified
atmosphere of 5% CO,. After incubation for 24 h, non-
migrated cells on the top surface of the membrane were gently
scraped away with cotton swab. The migrated-cells was fixed
with 4% paraformaldehyde for 20 min and stained with 0.2%
crystal violet. Images were recorded using a Leika inverted
microscope.

4.16 Cellular Platinum Uptake and DNA Platination

Cellular uptake was measured in A549, A549cisR, SMMC-
7721, and MCF-7 cells. A549, A549cisR, SMMC-7721, and
MCEF-7 cells were seeded in 6-well plates overnight and then
incubated with 10 uM homospermidineplatin 4a or cisplatin
for 8 h. Subsequently, the cells were washed with PBS buffer
three times and harvested by trypsinization. The harvested
cells were concentrated and digested with nitric acid for ICP-
MS. The cell numbers were counted before digestion. A
Genomic DNA mini preparation kit was used for the isolation
of DNA in A549, A549cisR, SMMC-7721, and MCF-7 cells,
and Pt concentrations in the cellular DNA of A549, A549cisR,
SMMC-7721, and MCEF-7 cells digested by nitric acid were
also measured by ICP-MS.

4.17 Annexin V-FITC/Propidium Iodide Staining

Apoptosis of A549cisR cells was evaluated using Annexin
V-FITC/PI staining detected by flow cytometry. Cells were
plated into six-well plates at 1 X 107 cells/well. After cultured
for 24 h, cells were hatched with 4a (5 or 10 uM), cisplatin (15
uM) for 24 h. Then cells were harvested, washed three times
with PBS to remove unbound dyes, and stained according to
the manufacturer’s protocol. Analysis was performed by flow
cytometry (BD Biosciences, San Jose, CA, USA).

4.18 Western Blot Assay

To detect the expression of the related proteins phospho-
histone H2A-X (Ser139), p53, ODC and SSAT, Western blot
analysis was performed. Cells were treated with 4a at
concentrations of 5, 10, and 15 pM for 24 h and were then
harvested and centrifuged. The cell pellets were washed three
times with ice-cold PBS and then lysed with RIPA buffer
(Beyotime, China). Using a BCA assay kit (Beyotime, China),
we determined the total concentration of protein. After that,
we denatured the total lysates in 5 x SDS-loading buffer at
100 °C for 10 min. Using 12% SDS-PAGE for 2 h, we
separated equal amounts of total proteins and then transferred
the proteins onto PVDF membranes. The membranes were
blocked with 5% dried skimmed milk in TBST at room
temperature for 1 h. After incubation with the corresponding
primary antibodies overnight at 4 °C, the membranes were
washed three times with TBST and incubated with the
appropriate  HRP-conjugated secondary antibody. Protein
expression was detected using the ECL plus reagents
(Beyotime, Jiangsu, China).

4.19 Detection of polyamine oxidase (PAO)

Journal of Medicinal Chemistry

Total PAO level was measured using GSH assay kit
according to the manufacturer ’ s instructions ((Hepeng
Biotechnology, Cat. HEPENGBIO156). Briefly, after
treatment with 4a (10 uM) for 24 h, cells were washed twice
with Reagent A (3 mL) and then collected the cells by cell
scraper. Pellets were resuspended in Reagent A (3 mL) by
centrifugation at 300g for 5 min. Supernate were resuspended
in Reagent B (500 pL) and vortexed immediately followed by
being lysed by three freeze—thaw cycles. After cell lysates
were centrifuged at 16,000g for 5 min at 4 °C, supernatant
containing total PAO was transferred to another pre-cooling
tube. For quantifying total PAO level, 10 pL of supernatant
was mixed with 240 uL (200 pL Reagent C, 25 uL. Reagent D
and 15uL Reagent E) of total PAO assay buffer for 3 min at
37 °C, and then 10 pL of Reagent F was added. Absorbance
was read at 440 nm by using the microplate reader.

4.20 Reactive Oxygen Species Assay

Reactive oxygen species (ROS) were examined with the
fluorescent probe DCFH-DA and detected by flow cytometry
as our previously described . [14]

4.21 Detection of total glutathione (GSH)

Total glutathione (containing reduced and oxidized
glutathione) level was measured using GSH assay kit
according to the manufacturer’s instructions (Solarbio
Biochemical Assay Division, Cat. 20180226, Beijing, China).
Briefly, after treatment with 4a (10 uM) for 24 h, cells were
washed twice with PBS by centrifugation at 600g for 5 min.
Pellets were resuspended in protein removal buffer and
vortexed immediately followed by being lysed by three
freeze—thaw cycles. After cell lysates were centrifuged at
12,000g for 10 min at 4 °C, supernatant containing total
glutathione was transferred to another tube. For quantifying
total glutathione level, 10 pL of supernatant was mixed with
150 pL of total glutathione assay buffer for 5 min, and then 50
pL of NADPH (0.16 mg/mL) was added. Absorbance was
read at 405 nm by using the microplate reader.

4.22 Detection of total glutathione peroxidase (GSH-Px)

Total GSH-Px level was measured using GSH-Px assay kit
according to the manufacturer ~ s instructions (Leagene
Biotechnology, Cat. 0309A18, Beijing, China). Briefly, after
treatment with 4a (10 uM) for 24 h, cells were washed twice
with PBS by centrifugation at 12, 000g for 10 min. Pellets
were resuspended in protein removal buffer and vortexed
immediately followed by being lysed by three freeze—thaw
cycles. After cell lysates were centrifuged at 12,000g for 10
min at 4 °C, supernatant containing total GSH-Px was
transferred to another tube. For quantifying total GSH-Px level,
0.2 mL of supernatant was mixed with 0.4 mL of total GSH-
Px assay buffer for 5 min at 37 °C, and then 0.25 mL of
benzoic acid was added. Absorbance was read at 422 nm by
using the microplate reader.

4.23 Polyamines Contents Assay
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Coupled with a GI321A fluorescence detector, we
quantified the polyamine (putrescine, spermidine, and
spermine) content in A549cisR cells by using HPLC (Agilent
1260, Agilent Technologies, USA) according to our previous
reported. [14]

The polyamines were separated on a C18 chromatographic
column (25 x 4.6 mm, 5 pm) with dansyl chloride as the
derivation reagent and 1,6-diaminohexane as the internal
standard substance using methanol-water (65:35-100:0, 30
min gradient elution) (excitation = 340 nm and emission = 515
nm). The polyamines (putrescine, spermidine, and spermine)
were converted to the corresponding dansyl derivatives and
separated on a C18 analytical column by eluting with an ethyl
acetate/water gradient. 1,6-Diaminohexane was used as the
internal standard.
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