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Survivin as a member of the inhibitor of apoptosis proteins (IAPs) family is undetectable in
normal cells, but highly expressed in cancer cells and cancer stem cells (CSCs) which
makes it an attractive target in cancer therapy. Survivin dominant negative mutants have
been reported as competitive inhibitors of endogenous survivin protein in cancer cells.
However, there is a lack of systematic comparative studies on which mutants have
stronger effect on promoting apoptosis in cancer cells, which will hinder the development
of novel anti-cancer drugs. Here, based on the previous study of survivin and its analysis of
the relationship between structure and function, we designed and constructed a series of
different amino acid mutants from survivin (TmSm34, TmSm48, TmSm84, TmSm34/48,
TmSm34/84, and TmSm34/48/84) fused cell-permeable peptide TATm at the N-
terminus, and a dominant negative mutant TmSm34/84 with stronger pro-apoptotic
activity was selected and evaluated systematically in vitro. The double-site mutant of
survivin (TmSm34/84) showed more robust pro-apoptotic activity against A549 cells than
others, and could reverse the resistance of A549 CSCs to adriamycin (ADM) (reversal
index up to 7.01) by decreasing the expression levels of survivin, P-gp, and Bcl-2 while
increasing cleaved caspase-3 in CSCs. This study indicated the selected survivin
dominant negative mutant TmSm34/84 is promising to be an excellent candidate for
recombinant anti-cancer protein by promoting apoptosis of cancer cells and their stem
cells and sensitizing chemotherapeutic drugs.

Keywords: survivin mutant (TmSm34/84), A549 cells and CSCs, discovering and characterizing, stronger pro-
apoptotic activity, sensitizing chemotherapeutic drugs
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INTRODUCTION

Cancer is the second leading cause of death globally, killing 9.6
million people worldwide in 2018 alone (1, 2). The conventional
cancer therapy is surgery followed by radiotherapy and
chemotherapy. However, radiotherapy and chemotherapy will
also damage normal tissue cells when they do harm to tumor
cells (3). So molecular targeted therapies emerged as the times
require, which selectively kill tumor cells through tumor specific
markers while show limited or non-existent side effects on body
normal cells (4). Survivin, a member of inhibitor of apoptosis
proteins (IAPs) family, plays an important role both in inhibiting
apoptosis and regulating mitosis of cells (5, 6). Its overexpression
in cancer cells and cancer stem cells (CSCs) is associated with
tumor development, metastasis, and even drug resistance, so
survivin is an attractive molecular target for cancer therapy (7, 8).

Many strategies have been developed to damage the function
of survivin, including small molecule inhibitors, antisense
oligonucleotides (ASO), small interfering RNA (siRNA) (9).
Despite some achievements in suppressing the activity of
cancer cells, they may not be suitable for better targeting
survivin because they work only by transcriptional inhibition
and cannot abolish the function of survivin protein has been
existed (10, 11). While another strategy named dominant
negative mutants can compete with wild-type survivin protein,
thus blocking the biological function of survivin at the terminal
of protein expression (12). A recombinant dominant negative
protein TATm-survivin (T34A) (TmSm34) was previously
obtained by our laboratory, which consisted of a cell-
permeable TATm peptide (YARKARRQARR) and a survivin
mutant (the 34th Thr was replaced by Ala) (13). TmSm34 could
induce apoptosis of most cancer cell lines and enhance the
sensitivity of breast cancer cell lines, such as T47-D, MCF-7,
and Bcap-37 to adriamycin (ADM) (13, 14). Moreover, TmSm34
was proved to inhibit the growth and induce apoptosis of breast
CSCs (15). However, TmSm34 may not show anti-cancer activity
ideally. A TmSm protein with better anti-cancer activity needs to
be found to achieve the goal of inhibiting survivin’s activity
more efficiently.

Survivin dominant negative protein C84A which fused with a
cell-permeable poly-arginine (R9) peptide was also shown to be
capable of inducing apoptosis of cancer cells (16). Besides, HeLa
cells stably overexpressing survivin mutant T48A showed
elevated caspase-3 activity compared with cells expressing
survivin-GFP, indicating that T48A could induce apoptosis of
HeLa cells (17). Interestingly, Zhang et al. constructed a double-
site survivin mutant TC34/84AA which expressed by
adenoviruses showed more potent capacity in inhibiting the
growth of hepatocellular cancer cells compared with single-site
mutant T34A or C84A alone (10, 18). The results from zhang
gave us a hint that we could mutate some other sites based on
TmSm34 to obtain a TmSm protein with stronger capacity in
inducing apoptosis on cancer cells. So, in this study, we designed
and constructed a series of different amino acid mutants from
survivin (TmSm34, TmSm48, TmSm84, TmSm34/48, TmSm34/
84, and TmSm34/48/84) fused cell-permeable peptide TATm at
the N-terminus, and systematically analyzed the anti-cancer
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viability of various TmSm proteins in vitro for discovering a
dominant negative mutant with stronger pro-apoptotic activity
to cancer cells. The overall diagram of design idea and
researching flow was shown in Figure 1. By this study, the
selected survivin dominant negative mutant is promising to be
an excellent candidate for recombinant anti-cancer protein by
promoting apoptosis of cancer cells and their stem cells and
sensitizing chemotherapeutic drugs.
MATERIALS AND METHODS

Materials
E. coli BL21 (DE3), E. coli DH5a, pET-24a (+) were provided by
Invitrogen (CA, USA). pET-24a (+)-TmSm34, pET-24a
(+)-TmSm48, and pET-24a(+)-TmSm84 were previously
constructed by our laboratory. MTT were supplied by Solarbio
(Beijing, China). Hoechst 33342 were purchased from Yeasen
(Shanghai, China). All other reagents were of analytical grade
and acquired from Sigma-Aldrich (Shanghai, China). Human
lung cancer cell A549 and normal liver cell L-02 was obtained
from the Type Culture Collection Committee of Chinese
Academy of Science (Shanghai, China). Fetal bovine serum
(FBS), penicillin/streptomycin (10,000 U/ml penicillin and 10
mg/ml streptomycin), Roswell Park Memorial Institute 1640
medium (RPMI1640), Dulbecco’s Modified Eagle medium
(DMEM), DMEM/Nutrient Mixture F-12 medium (DMEM/
F12), and B27 were purchased from Gibco (Waltham, USA).
Basic fibroblast growth factor (bFGF) and epidermal growth
factor (EGF) were acquired from Pepcech (Cathy, USA).

Plasmid Construction and Protein
Expression
Based on pET-24a(+)-TmSm34, the codon ACT corresponding
to T48 and the codon TGC corresponding to C84 were mutated
to the codon GCC corresponding to Ala by overlapping
extension PCR technology, and obtained TmSm34/48 and
TmSm34/84 genes, respectively. Then, pET-24a (+)-TmSm34/
48 was used to amplify TmSm34/48/84 gene. Table S1 shows the
primer sequences. The PCR amplification fragments were
purified, cleaved by Nde I and Xho I, and ligated into pET-24a
(+) plasmid. Finally, the expression vectors were transferred into
E. coli BL21 (DE3) and induced with 0.75 mM IPTG for
expression. Due to have His tag, TmSm proteins were purified
by nickel column. The eluted solution was renatured in dialysate
with a gradient of Urea (4, 2, 1, and 0 M) in buffer A (20 mM PB,
500 mM NaCl, 5% Glycerol, pH 7.0) at 4°C. Finally, the refolded
protein was concentrated by 3 kDa ultrafilter tubes. Protein
expression and concentration were identified by SDS-PAGE and
Bradford kit respectively.

Cell Culture
A549 and L-02 cells were respectively cultured in RPMI 1640 and
DMEM, supplemented with 10% (v/v) FBS and 1%
streptomycin-penicillin, and then incubated in an atmosphere
with 5% CO2 at 37°C. To isolate CSCs from A549 cells, A549
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cells (2 × 104 cells/well) were plated in six-well ultra-low
attachment plates (Corning, USA) in serum-free DMEM/F12,
containing 10 ng/ml bFGF, 20 ng/ml EGF, 2% B27, and 1%
streptomycin-penicillin. Once the spheres formed, replaced the
medium every 3 days by letting them settle to the bottom by
gravity and passage the cells every 7 days until the third-
generation spheres were obtained.

Cytotoxicity Studies
The viability of cells and IC50 of drugs were detected by MTT
assay. A549 cells, L-02 cells, and CSCs (1 × 104 cells/well) were
seeded onto 96-well plates and incubated with TmSm proteins,
ADM, or their combination. After culturing for 24 h, MTT
solution (5 mg/ml) was added into each well and incubated at
37°C for 4 h. Subsequently, the supernatant in the well was
carefully removed and 150 ml dimethyl sulfoxide (DMSO) was
added to dissolve the produced formazan. The plate was then
read by a microplate reader (Biotek, USA) at 490 nm. IC50 was
calculated by SPSS 22.0. Resistance index (RI) was the ratio of
IC50 of CSCs and IC50 of A549 parental cells.

Apoptosis Assay
A549 cells, L-02 cells, and CSCs were resuspended into single cell
suspension and plated at a density of 4 × 105 cells/well into six-
well plates. After culturing for 24 h, A549 and L-02 cells were
treated with TmSm proteins, while CSCs were incubated with
TmSm proteins, ADM, and their combination, respectively.
Following incubation with drugs for 24 h, cells were harvested
by centrifugation at 2,000 rpm for 5 min and washed twice with
PBS. Further, cells were resuspended in 100 µl binding buffer.
Subsequently, 5 ml Annexin V-FITC and 5 ml propidium iodide
Frontiers in Oncology | www.frontiersin.org 3
(PI) (Elabscience, China) were added to each tube for 30 min
incubation in the dark at 25°C to detect the effect of TmSm
protein drugs on cell apoptosis. Meanwhile, 5 ml Annexin V-
FITC and 5 ml 7-AAD (Elabscience, China) were used to detect
the effect of ADM on cell apoptosis. The resultant samples were
immediately analyzed by flow cytometry using FITC channel
(excitation: 488 nm and emission: 525nm), PI channel
(excitation: 535 nm and emission: 615 nm), and 7-AAD
channel (excitation: 488 nm and emission: 670 nm).

Immunofluorescence Assay
A549 cells (4 × 105 cells/well) and CSCs suspension were plated
onto confocal petri dish (NEST, China) and cultured for 6 h,
respectively. Then, cells were washed with PBS, fixed with 4%
paraformaldehyde, and blocked in Tris-buffered saline
containing Tween-20 (TBST) with 3% BSA (Solarbio, China).
Further, cells were incubated with anti-CD133 (1:250) and anti-
CD44 (1:250) primary antibodies (Proteintech, USA) overnight
at 4°C. For visualization, cells were then stained with PE-
conjugated (1:100) and FITC-conjugated (1:100) secondary
antibodies (Proteintech, USA) in the dark at 25°C for 1 h,
respectively. Finally, the nuclei were labeled with Hoechst
33342 (Aladdin, China). Images were captured under a
fluorescent microscope (Nikon, Japan).

Fluorescence Intensity Assay
A549 cells and CSCs were digested with 0.25% trypsin, dispersed
into suspension by pipetting, and centrifuged at 1,000 rpm for
5 min to collect the cells. Then the cells were washed twice with
PBS, and resuspended in 100 ml PBS (1 × 107 cells/ml).
Subsequently, 5 ml PE anti-human CD133 or FITC anti-human
A B

FIGURE 1 | Systematical diagram of design idea and researching flow of discovering a dominant negative mutant derived from survivin with stronger pro-apoptotic
activity to cancer. (A) Compared with TmSm34, TmSm48, TmSm84, TmSm34/48, and TmSm34/48/84, TmSm34/84 had the strongest capacity in inhibiting
proliferation and promoting apoptosis of A549 cells. (B) TmSm34/84 could reverse the drug resistance of A549 CSCs to Adriamycin (ADM) by down-regulating
survivin, Bcl-2, and P-gp expression, while up-regulating cleaved caspase-3 expression.
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CD44 (Biolegend, China) was added to each tube. After 30 min
incubation in the dark at 4°C, cells were washed with PBS and
resuspended in 200 ml PBS. Finally, cellular fluorescence
intensity was analyzed by flow cytometry using FITC channel
(excitation: 488 nm and emission: 525nm), PI channel
(excitation: 535 nm and emission: 615 nm). To set the
background fluorescence levels, PE rat IgG1 k isotype control
and FITC rat IgG1 k isotype control (Biolegend, China) were
used as the negative control.

Cell Growth Curve and Colony
Formation Assay
A549 cells and CSCs (2 × 103 cells/well) were plated onto 96-well
plates and cultured in RPMI 1640 containing 10% FBS and 1%
streptomycin-penicillin. Culturing medium was replaced every 2
days. Cell proliferation viability was measured at specified times
(0, 1, 3, 5, and 7 days) byMTT assay. Moreover, A549 cells and CSCs
(5 × 102 cells/well) were plated onto six-well plates to detect the
cloning capability. Fourteen days later, cells were washed with PBS
and fixed with 4% paraformaldehyde. Subsequently, cells were
incubated with a Gimas solution (Solarbio, China). Finally, the
numbers of colonies (diameter >0.5 mm) were counted.

Western Blot
Cells were washed twice in PBS and lysed in RIPA buffer
(Solarbio, China) with 1 mM phenylmethanesulfonyl fluoride
(PMSF). A BCA protein kit was used to quantify protein
concentrations (Beyotime, China). Total proteins (30 mg) were
separated on 15% SDS-PAGE gels and transferred to
polyvinylidene difluoride (PVDF) membranes (Beyotime,
China). The membranes were then blocked in TBST with 3%
non-fat milk (Sangon Biotech, China) at 25°C for 2 h and
incubated with anti-survivin (1:1,000), anti-caspase-3 (1:1,000),
anti-Bcl-2 (1:3,000), anti-P-gp (1:3,000), and anti-b-actin
(1:5,000) primary antibodies (Proteintech, USA) overnight at
4°C. Next, the membranes were incubated with the appropriate
HRP-conjugated secondary antibodies (1:10,000) (Proteintech,
USA) at 25°C for 1 h. Protein bands were visualized by ECL
chemiluminescence kit (Sangon Biotech, China), and the gray
values of the protein bands were analyzed by Image J.

Docking Simulation of TmSm Proteins
With Caspase-9
The crystal structure of caspase-9 (PDB ID: 2AR9) was
downloaded from Protein Data Bank (https://www.rcsb.org/).
The three-dimensional (3D) structures of various TmSm
proteins were obtained by https://zhanglab.ccmb.med.umich.
edu/I-TASSER/. Subsequently, the docking simulation of
TmSm proteins with caspase-9 were conducted by ZDOCK.
Finally, the docking results of TmSm proteins with caspase-9
were analyzed by PDBePISA and visualized by Pymol.

Statistical Analysis
The data were obtained from at least three independent
experiments and expressed as the mean ± SD. All data were
analyzed by SPSS 22.0. P < 0.05 was statistically significant.
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RESULTS

Preparation of TmSm Proteins
Recombinant plasmids were successfully constructed as
confirmed by liquid colony PCR and DNA sequencing (Figure
S1). Then, plasmids were transformed into E. coli BL21 (DE3).
After IPTG induction, six recombinant proteins (TmSm34,
TmSm48, TmSm84, TmSm34/48, TmSm34/84, and TmSm34/
48/84) were all expressed in the form of inclusion bodies.
Subsequently, inclusion bodies were washed twice with wash
buffer and obtained purity of more than 74% (Table S2). After
purified by nickel column (Figure S2A), inclusion bodies
achieved a purity of more than 95% (Figure S2B). Finally, six
active TmSm proteins were acquired by renaturing via a
refolding buffer.

Screening and Identification of
TmSm Proteins
In order to obtain a more efficient TmSm protein, we used MTT,
flow cytometry, and Western blot to compare the anti-cancer
activity of six TmSm proteins. As revealed in Figure 2A, the cell
viability of various TmSm proteins against A549 cells all
decreased in a concentration-dependent manner. Compared
with single-site mutants, multisite mutants had a stronger
capacity in inhibiting proliferation of A549 cells. The IC50

values of TmSm34, TmSm48, TmSm84, TmSm34/48,
TmSm34/84, and TmSm34/48/84 against A549 cells were 9.44,
11.83, 10.20, 6.86, 5.51, and 6.32 mM, respectively (Table S3),
and TmSm34/84 had the lowest IC50 value. Interestingly, the cell
viability of TmSm proteins against L-02 cells was above 80%,
suggesting that various TmSm proteins did not affect the viability
of L-02 cells. The difference of the viability in A549 and L-02 cells
after incubating with TmSm proteins might due to the different
expression of survivin in A549 cells (2.5-fold) and L-02 cells (0.4-
fold) (Figure 2B).

We next investigated the effect of TmSm proteins on the
apoptosis of A549 and L-02 cells. As shown in Figures 3A, S3A,
apoptosis was increased in A549 cells treated with TmSm
proteins. It was worthy of being noticed that TmSm34/84 with
a concentration of 8.37 mM had the strongest ability to induce
A549 cells apoptosis than that of other five TmSm proteins (1.45-
fold for TmSm34, 1.94-fold for TmSm48, 1.60-fold for TmSm84,
1.22-fold for TmSm34/48, and 1.16-fold for TmSm34/48/84,
respectively). However, TmSm proteins showed no significant
effect on the apoptosis of L-02 cells (Figures 3B, S3B), suggesting
that TmSm proteins could not induce apoptosis of normal cells
with low expression of survivin. Compared with single-site
mutants, multisite mutants had a lower IC50 value on A549
cells, as well as a more robust capacity in inducing apoptosis of
A549 cells, so multisite mutants were chosen for further analysis.

Activation of caspase is an essential condition for apoptosis
(19). Among them, caspase-3 is in the downstream of the
apoptotic response which can degrade a variety of proteins,
thus leading to cell apoptosis, and its activation is a sign
suggests that apoptosis enters an irreversible stage (18, 20). To
further determine whether TmSm34/84 had the strongest ability
March 2021 | Volume 11 | Article 635233

https://www.rcsb.org/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guo et al. Survivin Mutants Have Pro-Apoptotic Activity
to promote apoptosis of A549 cells among the three survivin
multisite mutants, the expression levels of survivin and cleaved
caspase-3 after treating with TmSm proteins were detected by
Western blot. Results indicated that TmSm proteins could
decrease survivin expression and increase cleaved caspase-3
expression of A549 cells in a dose-dependent manner (Figure
4A). Notably, compared with TmSm34/48 and TmSm34/48/84,
TmSm34/84 had the strongest ability to down-regulate survivin
expression and up-regulate cleaved caspase-3 expression of A549
cells both at concentrations of 4.19 and 8.37 mM (P < 0.05).
However, the expression levels of survivin and cleaved caspase-3
in L-02 cells did not occur significantly change (Figure 4B). The
above results indicated that TmSm34/84 protein was a highly
effective anti-cancer candidate drug which had no effect on the
viability of normal cells, but had a significant impact on the
viability and apoptosis of A549 cells. Unexpectedly, the ability of
TmSm34/48/84 to inhibit proliferation and promote apoptosis of
A549 cells was weaker than that of TmSm34/84.

Docking Results for TmSm Proteins
With Caspase-9
Survivin functions to inhibit cell apoptosis through suppressing
the activity of the apoptotic initiator caspase-9, followed by
preventing the activation of the apoptotic effector caspase-3
(21). The TmSm proteins could release the activity of caspase-9
and finally achieve the purpose of promoting cell apoptosis (22,
23). To gain an understanding of the reason that the anti-cancer
capacity of TmSm34/48/84 was weaker than that of TmSm34/84,
we used ZDOCK to simulate the docking for three multisite
TmSm proteins with caspase-9 (Figure 5). Subsequently, the
Frontiers in Oncology | www.frontiersin.org 5
interface area and binding free energy of the complex formed by
docking were analyzed by PDBePISA. Theoretically, the lower
the interface area and the higher the binding free energy are, the
less likely the complex will form and the more unstable the
structure will be. It could be seen from Table 1 that the complex
interface area formed by the docking of TmSm34/48, TmSm34/
84, TmSm34/48/84 with caspase-9 were 1,159.4, 820.5, and 861.4
Å2, respectively, and the binding free energy were −16.0, −3.0,
and −4.6 kcal/mol, respectively. It is worth noting that, compared
with TmSm34/48 and TmSm34/48/84, the docking of TmSm34/
84 with caspase-9 had the lowest value for Interface area (820.5
Å2) and the highest value for binding free energy (−3.0 kcal/mol),
indicating that TmSm34/84 was more difficult to form a complex
with caspase-9, thus acquiring a stronger ability to release
caspase-9, and eventually showed the highest anti-
cancer activity.
Enrichment and Identification
of A549 CSCs
To enrich A549 CSCs, A549 parental cells were cultured in a
defined serum-free medium (SFM) under nonadherent
conditions. As shown in Figure 6, spheres composed of several
single cells were observed after 3 days. About 7 days later, the
diameter of the primary spheres reached 150–200 mm. In order
to prevent the cell clusters from growing too large, which can
lead to necrosis as a result of a lack of oxygen and nutrient
exchange at the center of the spheres, passage the cells when
primary spheres reach 150 to 200 mm in size. After three
passages, spheres became more regular.
A

B

FIGURE 2 | Cytotoxicity assay of TmSm proteins against A549 and L-02 cells. (A) The viabilities of A549 and L-02 cells were measured after incubating with
different TmSm proteins of the same concentrations gradient (0, 2.09, 4.19, 6.28, and 8.37 mM) for 24 h. (B) Survivin expression was determined by Western blot in
A549 and L-02 cells. Data were expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
March 2021 | Volume 11 | Article 635233
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To determine whether the spheres cultured in SFM were
A549 CSCs, we evaluated the expression of CD133 and CD44 in
the cell membrane by immunofluorescence and flow cytometry.
CD44 and CD133 were widely accepted as a characteristic of
lung CSCs before (24). Immunofluorescence results showed that
spheres exhibited higher red fluorescence than A549 parental
cells, indicating that spheres had a high CD133 expression
(Figure 7A). Flow cytometry results further indicated that the
proportion of CD133-positive cells in spheres was 41.4%, which
was significantly higher than that in A549 parental cells (0.26%)
(Figure 7B). Interestingly, we found that CD44 was highly
expressed in A549 parental cells with a proportion of 97.2%.
Therefore, CD44 was not appropriate for identifying A549 CSCs
which was in accordance with a previous study (25). Staying at
the quiescent stage is also a characteristic of CSCs (26). Thus, the
in vitro proliferation capacity of spheres was measured.
Compared with parental A549 cells, the growth speed of
spheres was significantly slow (Figure 8A), and the number of
colonies formed by spheres was 1.67-fold lower than that of A549
Frontiers in Oncology | www.frontiersin.org 6
parental cells (Figure 8B). Strong drug resistance possession is
also an important feature of CSCs, which may be related to the
multi-drug resistance of tumor cells (27). ADM is commonly
used as a chemotherapeutic drug for lung cancer cure (28).
Therefore, the drug resistance of CSCs to ADM was measured by
MTT assay. Relative viabilities of A549 parental cells and CSCs
after treating with ADMwere presented in Figure 8C. Compared
with A549 parental cells, CSCs demonstrated lower susceptibility
to ADM with an IC50 value of 10.58 mM, but 4.30 mM for A549
parental cells, suggesting that the RI of CSCs to ADM was 2.46.
The above results indicated that spheres formed in SFM were
A549 CSCs.

Increased Expression of Survivin, Bcl-2,
and P-gp Is Involved in ADM Resistance of
A549 CSCs
To investigate the mechanism for drug resistance of A549 CSCs
to ADM, the expression of apoptosis-related proteins (survivin
and Bcl-2) and drug resistance-related protein P-glycoprotein
A

B

FIGURE 3 | Apoptosis of A549 and L-02 cells were analyzed by flow cytometry. (A) A549 cells were incubated with different TmSm proteins of the same
concentrations gradient (0, 4.19, and 8.37 mM) for 24 h. Bar diagram depicting the total percentage of apoptotic cells. (B) L-02 cells were incubated with different
TmSm proteins of the same concentrations gradient (0, 4.19, and 8.37 mM) for 24 h. Bar diagram depicting the total percentage of apoptotic cells. Data were
expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
March 2021 | Volume 11 | Article 635233
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(P-gp) in CSCs were analyzed by Western blot. As illustrated in
Figure 9, the expression levels of survivin, Bcl-2, and P-gp in
CSCs were substantially elevated (1.79-fold, 2.43-fold, and 1.58-
fold for A549 parental cells, respectively), suggesting that the
overexpression of survivin, Bcl-2, and P-gp played an essential
role in acquiring drug resistance of CSCs.

TmSm34/84 Improves the Sensitivity of
CSCs to ADM
To further verify the cancer suppressive activity of TmSm34/84,
we also evaluated the inhibitory effect of TmSm34/84 on A549
CSCs. As shown in Figure S4, the viability of CSCs was markedly
reduced in a dose-dependent manner when treated with
TmSm34/84, and CSCs viability decreased by 7.32% when the
Frontiers in Oncology | www.frontiersin.org 7
concentration of TmSm34/84 was 1.05 mM. Given that non-
cytotoxic dose is an important indicator for studying drug
resistance reversal, TmSm34/84 of 1.05 mM was selected as a
non-cytotoxic dose for further drug resistance reverse study (29).
Compared with ADM treated alone group, TmSm34/84 (non-
cytotoxic dose)-ADM combination group could significantly
decrease the viability of CSCs (Figure 10A). The IC50 of CSCs
to ADM was reduced from 10.58 to 1.51 mM, indicating that the
reversal index of TmSm34/84 (non-cytotoxic dose) was 7.01.
Annexin V-FITC/7-AAD experiment was further conducted to
determine the effect of the combination of TmSm34/84 with
ADM on CSCs apoptosis. As showed in Figures 10B and S5, the
apoptotic rate of CSCs induced by the combination of TmSm34/
84 with ADM was 1.93-fold than that of ADM treated alone. To
A

B

FIGURE 4 | Expression levels of survivin and cleaved caspase-3 in A549 and L-02 cells were determined by Western blot. (A) A549 cells were incubated with
different TmSm proteins of the same concentrations gradient (0, 4.19, and 8.37 mM) for 24 h, the expression level of survivin and cleaved caspase-3 was detected
by Western blot. (B) L-02 cells were incubated with different TmSm proteins of the same concentrations gradient (0, 4.19, and 8.37 mM) for 24 h, the expression
level of survivin and cleaved caspase-3 was detected by Western blot. Data were expressed as mean ± SD (n = 3). *P < 0.05 and **P < 0.01.
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detect the mechanism of TmSm34/84 (non-cytotoxic dose)
reversed the drug resistance of CSCs, the expression levels of
apoptosis-related protein (Survivin, Bcl-2, and cleaved caspase-
3) and drug resistance-related protein (P-gp) in CSCs were
analyzed by Western blot. Compared with ADM treated alone
group, the expression levels of survivin, Bcl-2, and P-gp in the
combination group were significantly decreased (P < 0.05), while
cleaved caspase-3 expression was obviously increased (P < 0.05)
(Figure 10C). The decreased expression of survivin, Bcl-2, and
P-gp and the increased expression of cleaved caspase-3 may be
contributed to the reversal of drug resistance of CSCs to ADM.
Frontiers in Oncology | www.frontiersin.org 8
The above results indicated that TmSm34/84 could not only
inhibit the viability of CSCs, but also improve the sensitivity of
CSCs to ADM remarkably.
DISCUSSIONS

Protein engineering is a technical means to introduce mutations
in the amino acid sequence of target protein through genetic
engineering, thus changing the spatial structure of the target
protein and improving its function (30). There have been many
examples for improving protein activity through protein
engineering. For example, compared with monooxygenase
P450pyr, P450pyr mutants were able to catalyze regioselective
terminal hydroxylation of n-butanol to produce 1,4-butanediol,
thus switching substrate acceptance of a hydroxylase
from hydrophobic to hydrophilic compounds (31). Many
enzyme mutants were obtained through iterative saturation
mutagenesis (ISM), and most of these mutants were the best
mutation collection which accumulated a series of beneficial
A

B

C

FIGURE 5 | Docking results for different TmSm proteins with caspase-9 were visualized by Pymol. (A) Docking results for TmSm34/48 with caspase-9. (B) Docking
results for TmSm34/84 with caspase-9. (C) Docking results for TmSm34/48/84 with caspase-9. The interface areas were highlighted in green and blue.
TABLE 1 | Interface area and binding free energy of TmSm proteins with
caspase-9 were analyzed by PDBePISA.

Mutants Interface area, Å2 DiG, kcal/mol

TmSm34/48 1159.4 −16.0
TmSm34/84 820.5 −3.0
TmSm34/48/84 861.4 −4.6
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FIGURE 6 | The formation of A549 CSCs induced by serum-free suspension culture. Top, 1-day, 3-day, and 5-day phases of spheres in SFM. Bottom, one-
generation, two-generation, and three-generation phases of spheres in SFM. The bar represents a distance of 100 mm.
A

B

FIGURE 7 | The expressions of stem cell surface markers in A549 CSCs. (A) Immunofluorescence staining of A549 cells and CSCs. A549 cells were stained for
CD44 and CD133. CSCs were stained for CD133. Pictures were taken using a Nikon microscope. The bar represents a distance of 50 mm. (B) Flow cytometry
analysis of CD44 expression in A549 cells and CD133 in A549 cells and CSCs. Red histograms presented cells stained with PE Rat IgG1, k Isotype Control. Blue
histograms presented cells stained with PE Anti-Human CD133. Purple histograms presented cells stained with FITC Rat IgG1, k Isotype Control. Green histograms
presented cells stained with FITC Anti-Human CD44.
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mutation sites (32). But in this study, TmSm34/48/84, a three-
site mutant protein which formed by combining three beneficial
mutation sites (T34, T48, and C84), showed weaker pro-
apoptotic capacity on A549 cells than that of TmSm34/84.
This phenomenon was very interesting and only a few cases
Frontiers in Oncology | www.frontiersin.org 10
have been reported so far. For example, survivin mutant T48A
could increase the affinity of survivin for borealin, thus inhibiting
cell proliferation, while the introduction of a second mutation at
T97 could alleviate this repression (17). This phenomenon
embodies the truth that “a little wind kindles, much puts out
A B

C

FIGURE 8 | Identification of proliferation capacity and drug resistance of CSCs. (A) The growth curve of A549 CSCs based on OD490nm value on days 1, 3, 5,
and 7. (B) The comparison of colony formation ability between A549 and CSCs for 14 days. (C) Viabilities of A549 cells and CSCs after treating with ADM
(0, 0.1, 0.2, 0.4, 0.8, and 1.6 mM) for 24 h were determined by MTT assay. Data were expressed as mean ± SD (n = 3). *P < 0.05.
FIGURE 9 | Differential expression of survivin, Bcl-2, and P-gp in A549 parental cells and CSCs were detected by Western blot. Data were expressed as mean ±
SD (n = 3). *P < 0.05 and **P < 0.01.
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the fire.”We believe that this phenomenon may be widespread in
protein engineering. By analyzing the docking results of
TmSm34/84 and TmSm34/48/84 with caspase-9 respectively,
we found that TmSm34/48/84 had a higher interface area and
a lower binding free energy value with caspase-9, which made it
acquire a weaker capacity in inducing cell apoptosis than
TmSm34/84. Hence in the rational design of protein
engineering, it is not only necessary to create the number of
beneficial mutations, but also should focus on the diversities of
mutations. Rational analysis should carry out based on enzyme-
substrate binding conformation so as to improve the
characteristics of the mutants from different angles, thus
obtaining performance match enzymes, rather than a multiple
mutation sites superposition of a similar principle.

CSCs are cancer cells which have the characteristics of stem
cells and the ability to self-replicate and multi-directional
differentiation (33). CSCs account for only 1–2% of tumor
cells, but they are considered to be the initiator of tumor
occurrence and recurrence (27, 34). Traditional cancer
therapies can kill most tumor cells, but have no effect on CSCs,
which ultimately lead to tumor recurrence and stronger drug
resistance acquiring (35, 36). Therefore, an appropriate
chemoradiotherapy sensitizer should be found to enhance the
Frontiers in Oncology | www.frontiersin.org 11
sensitivity of CSCs to chemoradiotherapy so as to kill CSCs
effectively. The combination of siRNA targeting survivin with
ADM has been shown to reverse the resistance of breast CSCs to
ADM. But the random integration and off-target of gene limited
the application of gene therapy, so protein sensitizers might had
a more significant advantage (37). Our previous studies have
shown that TmSm34 could be used as a chemotherapy sensitizer
to increase the sensitivity of breast cancer cells to ADM.
However, whether TmSm proteins can be used as a
chemotherapy sensitizer to improve the sensitivity of A549
CSCs to ADM has not been reported. In this study, we found
that TmSm34/84 could inhibit the proliferation of CSCs and
reverse the resistance of CSCs to ADM, indicating that the
application of TmSm proteins with chemotherapy was a
potentially effective treatment for cancer.

TmSm34 has been proved to be the most effective survivin
mutant which could induce different degrees of apoptosis in
various cancer cells and effectively inhibit tumor growth in vivo
(15, 38). The cell specificities of survivin mutants were due to the
natural difference in the expression abundance of survivin in
different types of cancer cells. In this study, A549 cells with
strong malignancy was used as the model cell line, and focused
on exploring whether a survivin mutant protein with stronger
A

C

B

FIGURE 10 | The effect of TmSm34/84 on the drug resistance against CSCs. (A) Viability of CSCs was measured by incubating with TmSm34/84 (1.05 mM) plus
ADM of different concentrations (0, 0.1, 0.2, 0.4, 0.8, and 1.6 mM) for 24 h, respectively. (B) The apoptosis-inducing effect of ADM (1.6 mM), TmSm34/84 (1.05 mM),
and their combination on CSCs as tested with flow cytometry, respectively. Bar diagram depicting the total percentage of apoptotic cells. (C) The effects of ADM,
TmSm34/84, and their combination on the protein expression in CSCs were detected by Western blot, respectively. Data were expressed as mean ± SD (n = 3).
*P < 0.05, **P < 0.01, and ***P < 0.001.
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anti-cancer activity could be obtained by adding one or two other
mutation sites based on TmSm34. In summary, we successfully
found a TmSm protein, TmSm34/84, which exhibited a potent
ability in proliferation inhibition and apoptosis induction on
A549 cells. Besides, it was also a potential protein drug as a
chemosensitizer for A549 CSCs. And our further study will focus
on testing the effects of TmSm proteins in vivo. In summary,
these findings further promote the application of survivin
dominant negative mutants in the clinical treatment of cancer
and provide a new idea and method for solving the problem of
drug resistance in the process of cancer treatment.
CONCLUSIONS

This work showed that TmSm34/84 inhibited proliferation and
induced apoptosis of A549 cells more efficiently than other
TmSm proteins we prepared. Besides, TmSm34/84 could
significantly elevate the sensitivity of A549 CSCs to ADM, with
a reverse factor of 7.01. We further identified that the
sensitization effect of TmSm34/84 on CSCs was produced by
decreasing the expression levels of survivin, Bcl-2, and P-gp, thus
eventually increasing the cleaved caspase-3 expression level.
Overall, TmSm34/84 could potentially be a promising
candidate drug for survivin-targeting cancer therapies.
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