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Introduction

Lymphoma is a malignant tumor originating from the lymphatic
hematopoietic system. Although it is more likely to occur in lymph
nodes, it can invade almost any tissues and organs in the body
due to flow of the lymphatic system, making the treatment effect
unsatisfactory, especially in non-Hodgkin lymphoma [1, 2]. In
recentyears, there has been extensive research on tumor targeted
therapy. By targeting tumor cells, drugs are able to attack tumors
accurately, achieve ideal efficacy with little damage to normal
cells [3]. As shown in the research of antibody-drug conjugate
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(ADC), as a key aspect of tumor targeted drugs, small molecules
should have a suitable half maximal inhibitory concentration
(IC,,) value [4, 5], so the selection of small molecules is critical
and also challenging for drug development.

Inthe long history of antitumor research, a lot of active ingredients
extracted from plants and microorganisms have exhibited strong
antitumor activities [6, 7]. The microtubules (MTs), which
play an essential role in mitosis, have been commonly used as
targets for cancer therapy [8-10]. Ansamitocin P3 is an analogue
of maytansine discovered in Nocardia species [11]. It has been

1



known to disrupt the assembly of microtubules by binding to
tubulin at the same site with vinblastine [12]. After treatment
with ansamitocin P3, cells were arrested in mitotic phase and
apoptosis was induced. Although ansamitocin P3 shows great
cytotoxicity, it has not been approved for clinical purpose due
to its severe side effects and narrow therapeutic spectrum [13].

Paclitaxel, another molecule isolated from Pacific yew tree Taxus
brevifolia, is one of the most widely used drug against many
kinds of cancers [14-16]. As a microtubule-stabilizing drug, it can
make chromosomes non-segregation, cause mitotic arrest and
induce apoptosis of cells [17, 18]. Since first authorized in the
treatment of ovarian and breast cancer by FDA, paclitaxel has
been approved for treatment of many kinds of Tumors [19, 20].
However, the high toxicity and low solubility of paclitaxel make
it imperfect as a drug candidate; so, nanotechnology was then
established to improve the solubility and safety of paclitaxel [21,
22].

Camptothecin (CPT), which is a pentacyclic alkaloid extracted
from Camptotheca acuminata, also exhibits good antitumor
effect and has been used in tumor therapy for decades [23-25]. It
is a Topo inhibitor which can disrupt the replication of DNA and
lead to apoptosis [26]. Irinotecan, a camptothecin-derived drug,
has been approved in the treatment of several advanced cancers
since 1994 [27, 28]. However, the application of camptothecin
was also limited due to its heavy toxicity and poor solubility [24,
29].

With the development of biomolecule conjugation technology
and tumor targeting therapy, a lot of biomolecules show great
potential to be developed as targeted antitumor drugs [30]. In
this study, we compared the antitumor effect of ansamitocin
P3, paclitaxel and camptothecin on lymphoma U937 cells,
investigated the potential mechanisms relating to apoptosis, and
explored the inhibition effect of ansamitocin P3 in the xenograft
tumor model, so as to identify appropriate therapeutic molecules
suitable for targeting lymphoma or other cancer cells.

Materials and methods
Cell lines and cell culture

Human histolytic lymphoma U937 cells were purchased from
Shanghai Cell Bank of the Chinese Academy of Sciences and
cultured in RPMI-1640 medium supplied with 10% fetal bovine
serum and 1% penicillin-streptomycin, and all of these reagents
were supplied by Gibco (Thermo Fisher Scientific). Cells were
incubated at 37°C and maintained in the condition of 5% CO,.

Chemicals

Ansamitocin P3 (purity > 98%), paclitaxel (purity 99.97%) and
camptothecin (purity 99.69%) were purchased from MCE (Med
Chem Express, NJ, USA). PBS, RNase A was obtained from
Solarbio (Solarbio Life Science, Beijing, China). Matrigel basement
membrane matrix was supplied by BD Biosciences.

Cell Counting Kit-8 assay

The survival rate of cells after treated with biomolecules was
assessed with Cell Counting Kit-8 colorimetric assay (Dojindo,
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Kumamoto, Japan). First, U937 cells were seeded into 96-well
plates at 8 x 10° cells per well, then incubated with different
concentrations of ansamitocin P3, paclitaxel and camptothecin
(from 10 M to 10° M) for 72 hours. After adding 10 pl of Cell
Counting Kit-8 solution into each of the wells for two hours, the
OD values of the cells were recorded at 450 nm with the micro
plate reader (Biotek, USA).

Cell cycle analysis

Cells were seeded into six-well plates for 2 x 10° cells per well,
and treated with different concentrations of drugs for 24 hours.
After collected and washed with PBS, cells were fixed with 70%
ethanol at -20°C for several hours to days, then centrifuged at
4000 rpm for 2 minutes. Cell pellets were then resuspended in
500 pl PBS containing 0.25% Triton-X 100 and incubated on ice
for 15 minutes. Then repeated centrifugation, and added 500 pl
PBS with 10 ug/ml RNase A and 20 ug/ml Pl to resuspend cells
and incubated in the dark place at room temperature for 30
minutes. Finally, cell cycle was analysed using the flow cytometer
(Beckman, USA). Data were analyzed with ModFit LT 5.0 (Trial
version).

Apoptosis analysis

For apoptosis analysis, cells were seeded into six-well plates at 2 x
10° cells per well, and treated with ansamitocin P3, camptothecin
and paclitaxel at different concentrations for 48 hours. After
collected and washed with PBS, cells were suspended in 100 pl
binding buffer and incubated with 5 pl FITC-AV and 5 pl Pl (binding
buffer, FITC-AV, Pl were supplied within the detection kit) for 15
minutes. Finally, after 400 pl binding buffer was added, samples
were detected on the flow cytometer. Data were analyzed with
FlowJo V10 (Trial version).

mRNA expression analysis

Total RNA was extracted with Total RNA Kit (OMEGA, USA) and
measured with Nano Drop micro volume spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). Then reverse
transcription was conducted with 1 pg RNA using the cDNA
Synthesis kit (Genecopoeia, USA). Quantitative real-time PCR
was performed by CFX Connect Real-Time System (Bio-Rad, USA)
with 2 pl cDNA template and 2 pl primer according to the SYBR
Green gPCR Mix 2.0 Kit (Genecopoeia, USA). GAPDH primers
were purchased from Genecopoeia and other primers were
supplied by Sangon Biotech. Primer sequences are each sample
was tested triplicate in three tubes. The reaction procedure was
set as follows: initial denaturation at 95°C for 30 seconds, then
repeat 40 cycles at 95°C for 10 seconds to denature and 65°C
for 30 seconds as annealing/extension, fluorescent intensity was
detected at the end of every cycle. The data was analyzed with
the comparative threshold cycle (2*2%) and taking GAPDH as
control (Table 1).

Xenograft mouse tumor model

Five weeks-old female SCID mice were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. in China and
reared in SPF condition. Before the experiment, mice were raised
for one week to adapt to the new environment. U937 cells (1
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Table 1. Primer sequences of PCNA, P63, P21 and BCL-2.

Primer sequence

Reverse TTTGGACATACTGGTGAGGTTC

Reverse GAAGTCATTCCACTCATCTCGG

GCGTTTGGAGTGGTAGAAATC

Reverse

Reverse GGTGCCGGTTCAGGTACTCAGTCA

x 10°) were resuspended in PBS with Matrigel (ratio 1:1, total
volume 100 pl) and injected subcutaneously into the right flank
of each mouse. Tumor volumes were calculated as 0.5 x Length
x Width?, When the tumor size reached 70-120 mm?3, mice were
divided into the control group and the treatment/experimental
(ansamitocin P3) group. Mice in the experimental group received
ansamitocin P3 (0.4 mg/kg, 100 pl) by tail vein injection while mice
in the control group were given 100 ul normal saline containing
10% alcohol. Mice were treated every two weeks for four weeks.
Tumor measurements and bodyweights were recorded twice a
week. The protocol was approved by Shanghai Medicilon IACUC
(approval number: TEK2103P).

Statistical analysis

IC,, values were acquired and analyzed by Graph Pad 8.3.0. All
experiments were done at least three times and mean + SD was
calculated. Statistical significance was determined by t-test, p <
0.05 was recognized as significant.

Results

Differential cytotoxic activity of ansamitocin P3,
camptothecin, and paclitaxel on U937 cells

To compare their cytotoxicity, we measured the cell viability of
U937 cells using the CCK8 assay kit after cells were treated with
above three compounds for 72 hours. The results indicated that
treatment with these drugs can significantly and differentially
inhibit U937 cell proliferation. ansamitocin P3, camptothecin
and paclitaxel all inhibited the cell viability of U937 in a dose-
dependent manner. When increased the concentration of the
compounds, the viability of U937 cells rapidly decreased to
extremely low level. With the concentration of ansamitocin
P3, camptothecin, and paclitaxel at 1 nM, 50 nM and 10 nM,
the cell viabilities of U937 cells reduced to about 2%, 7%, and
5% respectively. In all groups, the cell viability reduced to
about 2% when the compounds were at highest concentration.
Half-maximal proliferation inhibitory concentrations (IC, ) of
ansamitocin P3, camptothecin, and paclitaxel in U937 cells
were at about 0.18 * 0.04, 25.09 *+ 2.64 and 6.06 + 1.24 nM
respectively, suggesting that these compounds have strong
antitumor activities with ansamitocin P3 showed the strongest
antitumor effect (Figure 1).
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Figure 1| Cell viability of U937 cells after treated with ansamitocin
P3, camptothecin and paclitaxel for 72 hours. The
concentrations of ansamitocin P3 were set from 1013
M to 10 M. The concentrations of camptothecin were
set from 10° M to 10° M with 5%10® M and 5*107 M.
The concentrations of paclitaxel were set from 102 M to
10 M with 5*10° M. The IC,, values of ansamitocin P3,
camptothecin and paclitaxel in U937 cells were at about
0.2, 25, 6 nM respectively. P,

\

Cells were arrested in G2/M or S phase after
treatment with above compounds

In order to evaluate their effect on cell cycle, cells were treated
with the above three compounds in three concentrations near
IC,, for 24 hours and analyzed by flow cytometry. itis obvious that
after treated with ansamitocin P3 and paclitaxel, large amounts of
cells accumulated in G2/M phase. However, in the camptothecin
group, it showed different effect in two concentrations, most
cells were arrested in G2/M phase at 25 nM but in S phase at 50
nM (Figure 2).

Percentages of cells in different cell cycle phase When the
concentration of ansamitocin P3 and paclitaxel increased
from 0.1 nM to 0.4 nM and from 3 nM tol2 nM respectively,
percentage of cells in G2/M phase increased from about 30% to
more than 60% while cells in GO/G1 and S phase were reduced.
For camptothecin ranged from 12.5 nM to 25 nM, percentage
of cells in GO/G1 phase reduced from about 30% to 15%, and
percentage of cells in G2/M phase increased from about 45% to
60%. However, when the concentration of camptothecin reached
50 nM, percentage of cells in S phase increased to about 60%
while cells in G2/M phase reduced to about 30% (Table 2).

U937 cell apoptosis induced by ansamitocin P3,
camptothecin and paclitaxel

After treated with the above three compounds for 48 hours,
percentage of apoptotic U937 cells was detected by flow
cytometry. As shown in (Figure 3), the percentages of early (Q3)
and late (Q2) apoptotic cells both increased obviously in the
treated group, indicating the great pro-apoptotic effect of these
compounds on U937 cells.

The percentages of apoptotic cells of U937 after treated with
different concentrations of the three compounds were. In
the control group, the total percentage of the apoptotic cells
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at 0.1/ 0.2, 25/50 and 6/12 nM respectively. After
treatment with high concentration of compounds for 24
hours, a great amount of U937 cells was arrested in G2/M
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\ )

was about 4.43 + 0.25%. In ansamitocin P3 treated group with
the concentration of drug ranged from 0.1 nM to 0.4 nM, the
percentage of apoptotic cells increased from 24.83 + 0.13% to
83.31 £ 0.47%. Meanwhile, for camptothecin and paclitaxel
ranged from 12.5 nM to 50 nM, and from 3 nM to 12 nM, the
percentage of apoptotic cellsincreased from 5.54+1.78% to 54.65
+ 2.62% and from 7.17 £ 0.20% to 82.23 + 4.77% respectively.
These results demonstrated that all three compounds were able
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Table 2. Percentages of cells in different phases of cell cycle after
treatment with compounds for 24 hours.

Concentration G0/G1 phase | S phase (%) G2/M phase
(nM) (%) (%)

Control

o o1 a2
016 201

Comp-FLE-A PE-A

Comp-FL1-A  FITC-A

Ansamitocin P3: 0.1 nM Ansamitocin P3: 0.2 nM

w0 gt a2 w0 3ol az
018 6.23 0.16 9.66

Comp-FL2-A 5 PE-A
Comp-FLI-4 5 PE-A
.
L

E| a3
396 506

4 5 o 7
R 10 0 10 10
Comp-FL1-A 5 FITC-A Comp-FLI-A FITC-A

Camptothecin: 25 nM Camptothecin: 50 nM

w qot a2 10 ot a2
014 472 053 157

Comp-FL2-A 5 PE-A
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Comp-FL2-4 5 PE-A

-
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429 { 0.8

T T T T T T ' u T T
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Comp-FL1-A 5 FITC-A Comp-FLI1-A L FITC-A

Paclitaxel: 6 nM Paclitaxel: 12nM
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Comp-FLI-A 7 PE-A
1S
L

10 Fad a3
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& 7
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Comp-FL1-A 1 FITC-A Comp-FL1-A  FITC-A

- Cell apoptosis in histiocytic ymphoma U937 cells induced
by ansamitocin P3, camptothecin and paclitaxel. Q1, Q2,
Q3, Q4 represent dead, late apoptotic, early apoptotic
and live cells respectively. The concentration settings of
above compounds were the same as cell cycle analysis.
After treated with the three compounds, both early and

\_ late apoptotic cells increased obviously. )
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to induce cell apoptosis and that increase of apoptotic cells was
positively correlated with drug concentration (Table 3).

Altered expression of BCL-2, P21 and PCNA in
cells treated with ansamitocin P3, camptothecin
and paclitaxel

To study the putative mechanism of cell apoptosis induced by the
three compounds, U937 cells were treated for 24 hours with 0.2
nM ansamitocin P3, 50 nM camptothecin, and 12 nM paclitaxel
respectively. Then, the mRNA levels of BCL-2, P21, P63 and PCNA
(proliferating cell nuclear antigen) were analyzed by gPCR. As
shown in (Figure 4), BCL-2 was down regulated in all the cells
treated with either of the three compounds, which is consistent
with the results of high percentages of apoptotic cells. Besides,
decreased expression of PCNA mRNA was detected in ansamitocin
P3 and paclitaxel groups (P < 0.05), but no significant difference
was observed in camptothecin treated group compared with the
control group.

Table 3. Percentages of apoptotic cells in U937 after treated with the
compounds.

Total
Apoptotic
cells (%)

Late
apoptotic
cells (%)

Concentration
(nM)

Early
apoptotic
cells (%)

18.55+0.07 6.28+0.06 24.83+0.13
04 74104085 9.21+0.38 83.31+0.47

12.10+1.41 5.04+0.45 17.14+0.97

73.10+2.40 9.13+2.37 82.23+4.77

Ansamitocin
P3

Paclitaxel

Em Control
Bm Ansamitocin P3 *

60
50
404 | Camptothecin

1 Paclitaxel |

2_.
Nl "Bl “Nn

BCL-2 PCNA P21

Relative mRNA levels

Relative mRNA levels of BCL-2, P21 and PCNA in U937
cells. U937 cells were subjected to 24 hours exposure
to 0.2 nM ansamitocin P3, 50 nM camptothecin and 12
nM paclitaxel respectively. BCL-2 expression was down
regulated in three groups. PCNA expression was down
regulated in ansamitocin P3 and paclitaxel groups.
P21 expression was down regulated in camptothecin
group. Statistical significance was determined by t-test
(* represents p < 0.05 and ** represents p < 0.01).

Figure 4
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To understand the effect of cell cycle arrest, we examined
the expression of P21. After treated with camptothecin, P21
expression was obviously upregulated. However, for ansamitocin
P3 and paclitaxel group, P21 mRNA was slightly upregulated
without significant difference compared with that of the control
groups.

In addition, we examined P63 expression in the cells, and it was
barely detectable in all the cells with or without treatment with
the three compounds (data not shown).

Ansamitocin P3 inhibited tumor growth of U937
in vivo

To further investigate the antitumor efficacy of ansamitocin
P3, U937 xenograft mouse tumor models were established.
When the tumors reached size at 70-120 mm?, the mice were
separated into two groups (n=8 each): the control (PBS) group
and ansamitocin P3 treated group, which was administered by
tail vein injection at the concentration of 0.4 mg/kg for 100 pl.
and (Table 4), in the control group, tumor volumes increased
from 94.96 + 12.03 mm3 (Day 0) to 3530.20 + 1595.66 mm?
(Day 17). According to the requirement of the ethics of animal
experiments, the mice in the control group were sacrificed at
day 17. In ansamitocin P3 treated group, tumor volumes of mice
rose from 95.28 + 9.98 mm? (Day 0) to 2749.61 + 1442.53 mm?3
(Day 24). When giving ansamitocin P3 at a low dose of 0.4 mg/
kg every two weeks, the relative tumor proliferation rate (T/C, %)
was 29.98 at day 17, while bodyweights slightly decrease after
treated (Figure 5 and Table 5). The detailed information of each
mouse analyzed was shown in (Table 6). The results support that
ansamitocin P3 inhibited tumor growth of the U937 xenograft
tumor model.

Discussion and Conclusion

Ansamitocin P3, paclitaxel and camptothecin are antitumor
biomolecules with great effects. In this study, we first
compared the cytotoxic effect of ansamitocin P3, paclitaxel and
camptothecin on U937 lymphoma cells in vitro. No more than
10% cells survived after treatment with these three compounds,
and ansamitocin P3 showed the strongest anti-tumor effect with
lowest IC, .

In cell cycle analysis, a lot of cells were arrested in G2/M phase
when cells were treated with increased concentration of
ansamitocin P3 and paclitaxel. As tubulin inhibitors, ansamitocin
P3 and paclitaxel have previously been shown to arrest U937
cells in mitosis [8, 12]. In our study, cells were arrested in G2/M
phase when treated with low concentration of camptothecin
but S phase at high concentration, which may be related to
Topo | activity as previously reported [31]. Low concentration of
camptothecin might cause low levels of DNA damage, and thus,
the cells accumulate at G2 check point [32]. When treated with
high concentration of camptothecin, cells might suffer severe
DNA damage and thus arrested in S phase.

Apoptosis analysis results showed that after treatment with three
compounds for 48 hours, percentages of early and late apoptotic
cells were all increased, which was positively correlated with
drug concentration. High concentration of compounds induced
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Table 4. Comparation of tumor volumes between control group and treated group.

Days Post Treatment

e N
42001 26+
3900 -8~ Control 24+
__ 38009 g Ansamitocin P3 221
& 33004 20
£ 30001 B 18-
o 27001 £ 16+ -e- Control
g g:'gg: 'g 14 -# Ansamitocin P3
] =2 12-
3 18004 -
5 15001 g 10
E 1200+ o 87
~ 900 6-
600- 44
300 24
0 — T T T T T T T T T T 0O—T—T—T——TT 7T T T T T
?24681012141618202224 f24681012141618202224
Days Post I‘reatment Days Post L’reatment

- Ansamitocin P3 exhibited suppressive effect on U937 tumor growth in nude mice.
Ansamitocin P3 (0.4 mg/kg, 100 ul) was administrated by tail vein injection every
two weeks for four weeks, while normal saline containing 10% alcohol were injected
in the control group. At day O, tumor volumes were 94.96 + 12.03 mm? in control
group and 95.28 + 9.98 mm? in ansamitocin P3 group, with 3530.20 + 1595.66 mm?
in control group at day 17 and 2749.61 + 1442.53 mm?3 in ansamitocin P3 group at
day 24 (left panel). Compared with mice in control group, bodyweights of mice in
ansamitocin P3 group slightly decreased after treated (right panel). Data in the graph
are presented as the mean + S.E.M.

Table 5. Body weights and changes in control group and ansamitocin P3 group.

Days Post Treatment

more than half of the cells to undergo apoptosis, suggesting the  genes were analyzed by gPCR. BCL-2 was known as a typical anti-
great antitumor effect. apoptotic protein [33-35], and was down regulated in all the
cells treated with either of the three compounds. Proliferating
cell nuclear antigen (PCNA), which was known to function
in DNA replication and repair, is also involved in apoptosis

To further explore the difference of mechanisms by which the
compounds exhibit their inhibition effects, expressions of several

6 This article is available in: http://www.hsj.gr/
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Table 6. Tumor sizes and body weights of mice in two group.

Animal #

signaling pathway [36]. In previous study, PCNA was reported
to be inhibited by paclitaxel in MG-63 cells [37]. In this study,
PCNA was down regulated after treatment with ansamitocin P3
and paclitaxel, suggesting their role of proliferation inhibition.
However, no difference was observed between camptothecin-
treated and the control group. P21 is a known cyclin-dependent
kinase (CDK) inhibitor and apoptosis inhibitor [38, 39]. Compared
to the control groups, P21 was obviously upregulated in
camptothecin group as previously reported [40], while slightly
increased in ansamitocin P3 and paclitaxel treated groups but

© Under License of Creative Commons Attribution 3.0 License

Days Post Treatment
10 14

without statistically significant difference. These results indicated
that while differ from camptothecin, ansamitocin P3 and
paclitaxel induced cell apoptosis via the same signaling pathway.

In the xenograft animal model, tumor volumes of mice under
treatment of ansamitocin P3 were obviously smaller than the
control group. At day 17, the relative tumor proliferation rate
(T/C, %) was about 30, indicating the great antitumor effect of
ansamitocin P3. Meanwhile, treatment for every two weeks
only resulted a slight decrease for the bodyweight, suggesting
insignificant side effect.
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To summarize, we compared the effect of ansamitocin P3,
paclitaxel and camptothecin in inhibition of U937 lymphoma
cells in vitro and confirmed that ansamitocin P3 has the same
mechanismininducing apoptosis with paclitaxel and with stronger
antitumor activity. The in vivo anti-tumor assay also showed that
ansamitocin P3 inhibited tumor growth obviously with slight
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