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Esophageal squamous cell carcinoma (ESCC) is a predominant
cancer type in developing countries such as China, where ESCC
accounts for approximately 90% of esophageal malignancies.
Lacking effective and targeted therapy contributes to the
poor 5-year survival rate. Recent studies showed that about
30% of ESCC cases have high levels of SOX2. Herein, we aim
to target this transcription factor with aptamer. We established
a peptide aptamer library and then performed an unbiased
screening to identify several peptide aptamers including P42
that can bind and inhibit SOX2 downstream target genes. We
further found that P42 overexpression or incubation with a
synthetic peptide 42 inhibited the proliferation, migration,
and invasion of ESCC cells. Moreover, peptide 42 treatment in-
hibited the growth and metastasis of ESCC xenografts in mouse
and zebrafish. Further analysis revealed that P42 overexpres-
sion led to alternations in the levels of proteins that are impor-
tant for the proliferation and migration of ESCC cells. Taken
together, our study identified the peptide 42 as a key inhibitor
of SOX2 function, reducing the proliferation and migration of
ESCC cells in vitro and in vivo, and thereby offering a potential
therapy against ESCC.

INTRODUCTION

Esophageal squamous cell carcinoma (ESCC) is one of the leading
causes of cancer-related deaths worldwide and is the predominant
histological subtype of esophageal cancer in China that leads to
90% of deaths among all esophageal cancer cases.' Lack of early detec-
tion biomarkers and efficient treatments are considered to be the ma-
jor contributors to this dismal outcome. Previous studies suggest that
environmental (e.g., smoking, drinking, diet) and genetic factors pro-
mote malignancy development.' ™
netic alternations in ESCC has brought new mechanistic insights.”
Exome sequencing results suggest that mutation of several genes

Recent progress in the study of ge-

involved in cell-cycle regulation (e.g, CDKN2A), apoptosis (e.g.,
TP53), and histone modification (e.g., KMT2D) is relatively common
in ESCC. Genetic mutations can also lead to dysregulation of
signaling pathways like Hippo and Notch.® For example, the receptor
NOTCHL is a relatively commonly mutated gene, especially in Chi-
nese ESCC patients.” Interestingly, the transcription factor SOX2 is
also commonly mutated in ESCCs with ~25% samples showing ge-
netic amplification.'™' We previously used genetic mouse models
to identify a novel mechanism by which SOX2 cooperates with in-
flammatory signals to transform basal stem cells in the esophagus,
leading to ESCC initiation and progression.'’

SOX2 belongs to the sex determining region Y (SRY)-like box (SOX)
gene family. Previous studies have shown that SOX2 is important for
the development and stem cell maintenance in the developing and
adult esophagus.'®'? Consistently, SOX2 was found to repress respi-
ratory fate and promote esophageal specification in part by suppress-
ing the Wnt signaling pathway as evidenced by 3D organoid culture
of human pluripotent stem cell-derived foregut progenitor cells.'*"*
Notably, high levels of SOX2 protein have also been found in multiple
malignancies, including lung cancer and breast cancer, and the levels
are closely associated with clinical outcome.'™'"">""” Further studies
suggested that high levels of SOX2 promote multiple steps during
development, including maintenance,'”*’
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Figure 1. The Levels of SOX2 Are Increased in ESCC Samples and Cell Lines
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(A) Increased levels of SOX2 protein in ESCC samples (C) versus controls (CA) in tissue microarray. (B) A representative of ESCC/control pair. (C) The levels of SOX2 protein in
ESCC cancer tissue are significantly higher than adjacent normal tissues (n = 75; p < 0.001). (D) SOX2 is enriched in ESCC cell lines (KYSE450, TE-1) and immortalized
esophageal progenitor cell line (EPC2). Note SOX2 levels are relatively low in an esophageal epithelial cell line (HECC). Scale bars: 100 um. (E) The levels of SOX2 protein were
quantitated with western blot analysis. *p < 0.05, **p < 0.01, ***p < 0.001 versus control. Data are means + SD.

invasion, and metastasis.'>*' Therefore, targeting SOX2 protein can
be explored for a potential therapeutic option for ESCC treatment.

Here, we aim to target SOX2 protein by using aptamer. We performed
unbiased screening through bimolecular fluorescence complementa-
tion (BiFc) and identified several SOX2 binding aptamers. We then
used in vitro and in vivo assays to test the efficacy of these candidates
with a focus on an aptamer (aptamer P42). Our study further showed
that P42 aptamer inhibited ESCC proliferation and migration, resulting
in reduced tumor growth and metastasis in both mouse and zebrafish
models. In addition, these tumor inhibitory effects are associated with
changes in subsets of proteins as revealed by proteomics analysis.

RESULTS

High Levels of SOX2 Are Closely Correlated with Poor Prognosis
of ESCC

We previously showed that a significant portion of ESCCs express

high levels of SOX2 in a relatively small number of human patients."’
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In this study, we assessed the correlation with a larger collection of
ESCCs. We examined SOX2 expression in an ESCC tissue microarray
containing 75 cases and matched adjacent normal tissues (Figures 1A
and 1B). We found that the levels of SOX2 were significantly higher in
ESCCs than the adjacent tissues (n = 75; p < 0.001; Figure 1C). The
majority of SOX2™&" ESCCs were from patients with diagnosis of
cancer stage N and histopathological grade II (Table S1), suggesting
high levels of SOX2 protein are correlated with aggressive cancer
stage. In addition, we also detected low levels of SOX2 protein in
HEEC and high levels in the immortalized human esophageal epithe-
lial progenitor cell line EPC2 cells and ESCC lines (KYSE450, TE-1)
(Figures 1D and 1E).

Identification of Candidate Aptamers that Bind SOX2 through
Screening a Peptide Aptamer Library

Aptamers have been shown to efficiently target proteins that are
crucial for tumorigenesis.”* **
SOX2 with a similar strategy. We established an aptamer library based

We asked whether we can target
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P15 ACTTCTTGTGTTTTTT TSCVFFSFLYL
TTTCGTTTTTGTATTTG

P18 TTTAGTTGGATTGTCT FSWIVFRLTFL
TTAGGCTTACTTTTTITG

P42 TTTAGTACTCTGTITCT FSTLFFPLFFL
TTCCTTTATTCTTTTITG

Figure 2. Establishment of a Peptide Aptamer Library and Screening for Specific Peptides Aptamers that Target SOX2 Protein

(A) Schematic of strategy generating peptide aptamer library. The vector expressing peptide aptamers was inserted, pBiFc-VC155-TrxA-MCS-TrxA, to establish the aptamer
library, pBiFc-VC155-TrxA-peptide-TrxA, and SOX2-VENUS1-172 fusion protein is expressed with pBiFc-VIN173-SOX2. If SOX2 binds potential aptamer, GFP will be
produced based on BiFc and visualized with fluorescent microscope. (B) BiFc-based peptide aptamers P15, P18, P32, and P42 specifically bind SOX2 protein and generate
green fluorescent signals in HEK293T cells. Scale bars: 50 um. (C) Peptide aptamers P15, P18, and P42, but not P32, bind SOX2 protein as validated by co-immuno-
precipitation. (D) The amino acid and nucleic acid sequences of peptide aptamers that specifically bind SOX2 protein.

on BiFc,”” which allowed us to identify aptamers that bind SOX2 (Fig-
ures 2A and S1A). pBiFc-VC155-TrxA-MCS (multiple cloning site)-
TrxA vector was generated and confirmed by restriction enzyme
digestion and sequencing (Figure S1B). Subsequently, a library con-
taining random nucleotide sequences coding for 33 peptide aptamers
was synthesized and amplified (Figure S1C). The amplified sequences
were then inserted into the construct pBiFc-VC155-TrxA-MCS-TrxA
to generate the peptide aptamer library pBiFc-VC155-TrxA-peptide-
TrxA. This library was subsequently used for peptide aptamer expres-
sion and BiFc screening after validation with bacterial liquid PCR and
sequencing (Figure S1D).

Following co-transfection of the pBiFc-VCI55-TrxA-peptide-TrxA
aptamer library with pBiFc-VN173-SOX2, we found that the peptide

aptamers P15, P18, P32, and P42 interact with SOX2 protein in the
nucleus of HEK293T cells (Figure 2B). We then built FLAG- and
Myc-tagged SOX2 constructs to further examine the interaction
between SOX2 and the candidate aptamers (Figure S1E). Immuno-
precipitation was performed and demonstrated that tagged SOX2
proteins interact with the peptide aptamers P15, P18, and P42, but
not P32 (Figures 2C and 2D).

P42 Aptamer Suppresses the Proliferation, Migration, and
Invasion of ESCC Cell Lines

To analyze whether the peptides aptamers screened from the library
play inhibitory roles in ESCC cell lines, we established lentiviral vec-
tors that allow overexpression of the peptide aptamers P15, P18, and
P42 (Figure S2; Table S2). Two ESCC cell lines (KYSE450 and TE-1)
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Figure 3. P42 Aptamer Inhibits the Proliferation of ESCC Cells In Vitro

11 Time(d)

(A) Ectopic expression of aptamers P42, P15, and P18 does not affect the colony numbers formed by KYSE450. However, the numbers of colonies with size larger than
0.5 mm are significantly reduced by aptamers P42 and P15, but not P18 (p < 0.05 for P15 aptamer and p < 0.001 for P42 aptamer; n = 3). Although it is statistically not
significant, ectopic expression of P42 aptamer reduces the growth of colonies (size larger than 0.5 mm) formed by TE-1 cells (p > 0.05; n = 3). (B) Ectopic expression of
aptamer P42 leads to reduced proliferation of KYSE450 and TE-1 cells as assessed by CCK8 assay (n = 3 per group; p < 0.05 for aptamers P15 and P42 in KYSE450 cells,

p < 0.001 for aptamer P42 in TE-1 cells).

and two normal esophageal cell lines (HEEC and EPC2) were
infected with lentivirus carrying the overexpression constructs,
and stable cell lines were established (Figure S3). We also generated
stable cell lines harboring pCDH-CMV-Oligo-IRES-GFP-Puro as
controls.

We next tested whether ectopic expression of the three peptide ap-
tamers influences colony formation. Interestingly, ectopic expression
of the peptide aptamers did not significantly affect colony formation
efficiency (n = 3; p > 0.05; Figure 3A). Nevertheless, the number of
colonies with a diameter greater than 0.5 mm was significantly
reduced for KYSE450 cells that overexpress aptamers P15 and P42,
but not P18, when compared with control (n = 3; p < 0.05 for P15 ap-
tamer, p < 0.001 for P42 aptamer, and data not shown; Figure 3A).
Consistently, overexpression of aptamers P15 and P42, but not P18,
reduced the proliferation of KYSE450 cells as assessed by Cell
Counting Kit-8 (CCK8) assay (n = 3; p < 0.05; Figure 3B). In addition,
overexpression of P42 aptamers also led to significantly reduced pro-
liferation of TE-1 cells at day 7 (n = 3; p < 0.001; Figure 3B).

904 Molecular Therapy Vol. 28 No 3 March 2020

Next, we asked whether overexpression of these peptide aptamers af-
fects cancer cell migration and invasion. Significantly, overexpression
of P42 aptamer inhibited the migration of KYSE450 (n = 3; p < 0.05;
Figure 4A). In keeping with this finding, P42 aptamer overexpression
inhibits cell migration in wound-healing assay (79.9% [control]
versus 56.11%; n = 3; p < 0.05; Figure 4A). Notably, overexpression
of P18 increased the cell migration (79.9% [control] versus 97.23%;
n = 3; p < 0.05; Figure 4A). In addition, P42 aptamer overexpression
also led to reduced migration of TE-1 cells, and the healing index was
reduced from 84.5% (control) to 56.55% (n = 3; p < 0.001; Figure 4B).
We further tested whether overexpression of P42 aptamer inhibited
the invasion of KYSE450 cells using transwell assay. The numbers
of KYSE450 cells passing through the transwell membrane were
significantly reduced upon ectopic expression of P42 aptamer (n =
3; p < 0.01; Figure 4C). Similarly, ectopic expression of P42 aptamer
reduced the invasion of TE-1 (n = 3; p < 0.001; Figure 4D). Together
these findings suggest that among the three aptamers, P42 aptamer
shows consistent inhibitory effects on the proliferation and migration
of ESCC cell lines upon overexpression.
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Figure 4. P42 Aptamer Inhibits the Migration and Invasion of ESCC Cells In Vitro

(A and B) Ectopic expression of P42 aptamer inhibits the migration of (A) KYSE450 and (B) TE-1 cells as revealed by wound-healing assay (n = 3 per group; p < 0.05 for
KYSE450 and p < 0.001 for TE-1 cells). Note P18 overexpression promotes the migration of KYSE450 cells. Scale bars: 500 um. (C and D) P42 aptamer overexpression
suppresses the invasion of (C) KYSE450 and (D) TE-1 cells in transwell assay (n = 3 per group; p < 0.01 for KYSE450 and p < 0.001 for TE-1 cells). Scale bars: 100 pm. *p <

0.05, **p < 0.01, **p < 0.001 versus control. Data are means + SD.

P42 Aptamer Treatment Reduced the Growth and Metastasis of
ESCC Xenografts in Mouse and Zebrafish Models

We next asked whether ectopic expression of P42 peptide aptamers
reduces tumor growth with using a xenograft model. KYSE450 cells
expressing P42 aptamers were inoculated into immunocompro-
mised nude mice. Ectopic expression of P42 aptamers reduced the
tumor weight by 86% (0.37 + 0.1 g versus 0.05 + 0.045 g; n = 3,
p < 0.05; Figures 5A-5C). To test whether ectopic expression of
P42 aptamer can also block metastasis of ESCC cells in vivo, we in-
jected the perivitelline space of zebrafish embryos with KYSE450
cells that overexpress P42 aptamer. Ectopic expression of P42 ap-
tamer resulted in a significant decrease in the numbers of metastatic
foci (14 = 4 versus 5 £ 1; n = 5, p < 0.05; Figures 5D and 5E).

Together these results suggest that ectopic P42 aptamer reduced
ESCC metastasis in vivo.

Protein Profile of KYSE450 Cells following Ectopic Expression of
P42 Aptamer

To better understand the underlying mechanism of aptamer-induced
tumor inhibitory effects, we performed proteomics to globally survey
changes in the levels of protein upon P42 aptamer overexpression in
KYSE450 cells. A total of 133 proteins were upregulated and 99 pro-
teins were downregulated in response to ectopic expression of P42 ap-
tamer. Further analysis revealed that the levels of 34 and 24 proteins
were increased and decreased by more than 1.5-fold, respectively
(Figures 6A and 6B). Notably, SQRDL and MAU?2 are the most
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Figure 5. Ectopic Expression of P42 Aptamer Suppresses the Growth of Xenografts in Mice and Metastasis of KYSE450 Cells in Zebrafish

(A and B) Representative tumors formed in mice following injection with KYSE450 cells that stably express P15, P18, or P42 aptamers. (C) Ectopic expression of P42 aptamer
significantly reduces the weight of xenografts initiated by KYSE450 cells more than other peptide aptamers (n = 3 per group; p < 0.05). (D and E) P42 aptamer overexpression
significantly inhibits the metastasis of KYSE450 cells more than control peptide aptamer along the body of zebrafish. Metastatic foci were examined with fluorescent
microscopy (n = 5 per group; p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001 versus control. Data are means + SD.

dramatically upregulated and downregulated proteins among these
changed proteins, respectively. Moreover, Gene Ontology (GO) anal-
ysis indicated significant changes in multiple biological processes,
including cellular, single-organism, biological regulation, metabolic
process, and response to stimulus. Notably, a significant number of
proteins have been previously associated with binding, catalytic activ-
ity, and molecular function regulation (Table S3). In addition, the ma-
jority of upregulated proteins (e.g., IFI35) were previously located and
shown to be enriched in the cytoplasm,*® whereas the majority of
downregulated proteins (e.g., ZNF330) were located in the nucleus®”
(Figure 6C). Cellular component-based clustering analysis revealed
that downregulated proteins include several major components of

906 Molecular Therapy Vol. 28 No 3 March 2020

cell and plasma membrane (e.g., SLC38Al), cell surface (e.g.,
LY6K), cell periphery (e.g., SLC7A11), extracellular matrix compo-
nent (e.g., FREM1), and nucleosome (e.g., H1FX). By contrast, ectopic
P42 aptamer induced upregulation of mast cell granule and secretory
granule, extracellular exosome, and some vesicles including extracel-
lular and secretory vesicles.

P42 aptamer overexpression seemed to lead to changes in the levels of
proteins essential for tumor growth. For example, downregulated
proteins include those involved in multiple steps of tumorigenesis,
e.g., cell migration (SLC7A11), cell growth (CPNE1), and cell prolif-
eration (CCND1). In addition, the protein levels of cell junction
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Figure 6. P42 Aptamer Overexpression Induces Changes in the Levels of Proteins that Have Been Implicated in Cancer Progression
(A) Proteins that either increase or decrease by >1.5-fold upon ectopic expression of P42 aptamer in KYSE450 cells. (B) Top 15 proteins that are either
upregulated or downregulated upon P42 aptamer ectopic expression. (C) Subcellular localization of the upregulated and downregulated proteins upon P42 aptamer ectopic

expression.

proteins (CAV1) and growth factors (DOCK10) are also downregu-
lated. By contrast, upregulated proteins include those involved in
cell differentiation (DICER1), adhesion (CEACAMS5), and activation
(IGBP1). Kyoto Encyclopedia of Genes and Genomes (KEGG)-based
clustering analysis demonstrated that ectopic P42 aptamer induced
downregulation of proteins pertinent to the metabolism of arachi-
donic acid, tryptophan, and glutamate. The proteomic dataset also
suggests that the glycolysis and gluconeogenesis pathways were sup-
pressed following aptamer overexpression. Together these findings
are consistent with the reduced growth of cancer cells upon aptamer
treatment.

Synthetic Peptide 42 Also Shows Tumor Inhibitory Effects in
ESCC Cells Both In Vitro and In Vivo

We next synthesized a peptide 42 (sP42) and control peptide, both
including a cell-penetrating peptide (YGRKKRRQRRR) and a fluores-

cent molecule TAMRA. The main structure is similar to P42 aptamer
identified in the peptide aptamer library. The two synthetic peptides
(sP42 and control) also contain a constrained scaffold structure in addi-
tion to a disulfide bond between the two cysteines (Table S4).

Similar to P42 aptamer, treatment with the sP42 did not significantly
affect the colony-forming efficiency in KYSE450 cells (n = 3; p > 0.05;
Figure 7A). However, the number of colonies with a diameter of
greater than 0.5 mm was reduced (n = 3; p < 0.001; Figure 7A). Similar
results were obtained when TE-1 cells were cultured with sP42 (data
not shown). Further analysis revealed that sP42 treatment signifi-
cantly reduced the proliferation of KYSE450 and TE-1 cells at day 5
(n =3; p <0.01 for KYSE450 cells and p < 0.001 for TE-1 cells; Fig-
ure 7B). Notably, the inhibitory effect is comparable with SOX2
knockdown in KYSE450 and TE-1 cells (Figure 7B). Moreover,
sP42 treatment also inhibited the migration of KYSE450 and TE-1

Molecular Therapy Vol. 28 No 3 March 2020 907
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Figure 7. Synthetic Peptide 42 (sP42) Inhibits the Proliferation, Migration, and Invasion of ESCC Cells In Vitro

(A) sP42 application does not lead to reduction in the total number of KYSE450 colonies (p > 0.05), but the numbers of colonies larger than 0.5 mm are significantly reduced
(n =3 per group; p < 0.001). (B) Addition of sP42 to culture medium significantly reduces the proliferation of KYSE450 and TE-1 cells (n = 3 per group; p < 0.05 for KYSE450
cells and p < 0.001 for TE-1 cells). Note that the efficacy is comparable with SOX2 knockdown in KYSE450 and TE-1 cells (n = 3 per group; p < 0.05 for KYSE450 cells). (C)
sP42 application leads to reduced migration of KYSE450 and TE-1 cells (n = 3 per group; p < 0.001 for KYSE450 cells and p < 0.01 for TE-1 cells). Scale bars: 500 um. (D)
sP42 application reduces the invasion of KYSE450 and TE-1 cells (n = 3 per group; p < 0.001 for KYSE450 cells and TE-1 cells). Scale bars: 100 um. *p < 0.05, *p < 0.01,

***p < 0.001 versus control. Data are means + SD.

cells, and the healing index was decreased from 84.4% to 20.9% and
from 93.9% to 54.6%, respectively, as revealed by the wound-healing
assay (n = 3; p < 0.001 for KYSE450 cells and p < 0.01 for TE-1 cells;
Figure 7C). Similar to P42 aptamer, sP42 also inhibited the invasion
of KYSE450 and TE-1 cells as assessed with transwell assay. The num-
ber of KYSE450 and TE-1 cells that passed through the transwell
membrane was dramatically reduced after incubating with sP42
(n = 3; p < 0.001; Figure 7D). Together these results suggest that
the synthetic peptide 42 exhibits inhibitory effects on the prolifera-
tion, migration, and invasion of cultured ESCC cells, similar to
what have been observed with using P42 aptamer.

908 Molecular Therapy Vol. 28 No 3 March 2020

We next assessed whether sP42 also reduced the growth of ESCC xe-
nografts. We found that sP42 treatment led to the reduction of tumor
weight from 0.58 + 0.02 to 0.15 + 0.04 g (n = 4; p < 0.01; Figures 8A—
8C). Moreover, sP42 treatment promoted tumor cell differentiation,
resulting in increased keratin pearls and intercellular bridges (Fig-
ure 8D). sP42 treatment also inhibited the metastasis of KYSE450
cells in the zebrafish xenograft model (n = 5; p < 0.01; Figure 8E).
Consistent with sP42 inhibitory effects on cell proliferation and inva-
sion, the protein levels of cell-cycle proteins (cyclin-dependent kinase
4 [CDK4], CCND1) and the metallopeptidase protein MMP8 were
decreased upon treatment with sP42. Of note is that the levels of
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Figure 8. sP42 Treatment Reduces the Growth of Xenografts Initiated by KYSE450 Cells and Inhibits the Metastasis of ESCC Cells in Zebrafish

(A and B) sP42 treatment dramatically reduces the growth of xenografts than control peptide. sP42 was injected into xenografts every 2 days for 10 times. (C) sP42 treatment
reduces the growth of KYSE450 cell-initiated xenograft more than control peptide (n = 4 per group; p < 0.01). (D) sP42 application promotes terminal differentiation of cancer
cells with the increased presence of keratin pearls and intercellular bridges. Scale bars: 100 um. (E) sP42 treatment significantly inhibits the metastasis of KYSE450 cells along
the axis of zebrafish (n = 5 per group; p < 0.01). (F) sP42 treatment leads to reduced protein levels of CCND1, CDK4, and MMP8, but not SOX2 protein. *p < 0.05, **p < 0.01,

***p < 0.001 versus control. Data are means + SD.

SOX2 protein were not dramatically changed, suggesting that binding
of sP42 and SOX2 did not affect SOX2 protein stability (Figure 8F).

DISCUSSION

SOX2 is involved in multiple steps of cancer development, including
initiation, proliferation, and metastasis. Increased levels of SOX2 are
also correlated with therapeutic resistance and stemness mainte-
nance. Therefore, targeting SOX2 protein or its function offers an
attractive option for blocking cancer formation at various stages.
Here, we identified multiple aptamers that interact with SOX2 and
block its function, leading to reduced growth of ESCC cells and xeno-
grafts. In addition, our synthetic aptamer sP42 exhibits similar tumor
inhibitory effects in both mouse and zebrafish xenograft models.
Further analysis revealed that aptamer treatments altered the levels

of multiple proteins that are important for the growth, migration,
and invasion of cancer cells.

Peptide aptamers have been found to effectively disrupt the function
of target proteins, and they are used for inhibiting proteins such as
CDK2,?® Nr13,”” and mutant p53.”° Inhibition of heat shock protein
27 with aptamer also leads to inhibition of tumor progression.’’
Moreover, several peptides have also been tested as anti-cancer drugs,
and they showed specific binding to their target proteins or protein
complexes including Bax,”” the NOTCH transcription complex,*
and YAP.” Importantly, several aptamer peptides including busere-
lin, AN-152, and dactinomycin are currently tested in clinics for treat-
ing multiple cancers.”” Herein we first demonstrated that SOX2 is
amplified in ESCC biopsies, which is consistent with our previous
ﬁndings.m We then searched for aptamers that can bind SOX2, and
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we built an aptamer library based on the BiFc methodology that al-
lows us to identify SOX2 binding aptamers. Initially, we found that
peptide aptamers P15, P18, and P42 can interact with SOX2 protein
in the nuclei of cells, and we validated the interaction with immuno-
precipitation assay. We chose P42 for further characterization of its
function in tumor inhibition.'” We found that ectopic expression of
P42 aptamer and synthetic P42 aptamer led to inhibition of multiple
malignancy processes, including proliferation, migration, and
invasion.

Our xenograft models further confirmed that aptamer P42 inhibits
tumor growth and metastasis, presumably through inhibiting SOX2
function as its downstream targets, such as CDK4,!3¢ cyclin
D1,'>*7 and MMPS8, were reduced. Our further analysis with prote-
omics suggests that aptamer P42 treatments resulted in decreased
levels of many proteins involved in cell proliferation, migration,
and invasion. Notably, the levels of SQRDL and MAU2 were the
most dramatically upregulated and downregulated proteins upon
P42 aptamer treatment, respectively. SQRDL has been shown to regu-
late sulfur metabolism and is a key component of the hydrogen sulfide
oxidation pathway in the human mitochondria.”® SQRDL is downre-
gulated in colorectal cancer and non-small cell lung cancer
(NSCLC),” suggesting that SQRDL plays an inhibitory role in cancer
progression. On the other hand, the chromatid cohesion factor homo-
log MAU?2 forms a heterodimeric complex with Nipped-B-like pro-
tein (Nipbl) and is critical for loading the cohesin onto chromatin
during G1/S phase in yeast and telophase in mammals.*’ This process
is important for maintaining proper chromatid cohesion, chromatin
structure, and accurate chromosome segregation.*'*> MAU2 can
also be directly recruited to DNA damage sites and involved in
DNA repair,** suggesting that MAU2 are correlated with cancer pro-
gression. Notably, ectopic expression of P42 aptamer does not affect
the proliferation of the esophageal epithelium HEEC cells and human
esophageal progenitor EPC2 cells (Figures S4A and S4B). Similarly,
we did not observe abnormalities when P42 aptamer is overexpressed
in EPC2 cells (Figure S4C). This is consistent with findings that the
aptamers do not interfere with the protein levels of SOX2, and these
findings also suggest that normal esophageal epithelium and ESCC
cell have distinct proliferation mechanisms.

In summary, our findings supported that SOX2 protein can be an
effective therapeutic target. Both the aptamer P42 and synthetic
P42 display apparent inhibitory effects on the growth and metastasis
of ESCC cells in vitro and in vivo. Our results further demonstrate that
the aptamers do not affect the normal epithelial cells while maintain-
ing high efficacy against ESCCs.

MATERIALS AND METHODS

Chemicals

FLAG immunoprecipitation kit (Catalog [Cat] No. FLAGIPT1) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Monoclonal
antibody anti-Myc was purchased from Beyotime Biotechnology
(Cat No. AM926; China). Monoclonal antibody anti-FLAG was
purchased from Abmart company (Cat No. M20008; China). Mono-
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clonal antibody anti-SOX2 was obtained from Cell Signaling Tech-
nology (Cat No. 4900; USA). Polyclonal rabbit anti-SOX2 was pur-
chased from SEVEN HILLS (Cat No. WRAB-1236; Cincinnati, OH,
USA). Monoclonal antibody anti-Ki67 was purchased from Cell
Signaling Technology (Cat No. 12202; USA). Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Cat No. ab136817; Abcam,
Cambridge, MA, USA) and HRP-conjugated goat anti-mouse IgG
(Cat No. ZB-2305; ZSGB-Bio, China) were used as secondary anti-
bodies for detecting proteins. Goat anti-Rabbit IgG (H+L) superclo-
nal secondary antibody (Cat No. A27034) and goat anti-Rabbit IgG
(H+L) superclonal secondary antibody (Cat No. A-11037) were pur-
chased from Thermo Fisher Scientific. Puromycin was purchased
from Santa Cruz Biotechnology (Cat No. sc-108071; Dallas, TX,
USA). All other chemicals were obtained from Sigma-Aldrich.

Cell Lines, Cell Culture, and Mice

Human ESCC cell lines KYSE450 and TE-1 were purchased from
ATCC (Manassas, VA, USA), and EPC2 cell line was human telome-
rase reverse transcriptase (WTERT) immortalized with functionally
intact p53 and pl16 and was maintained as previously described,"
HEEC, a normal esophageal epithelial cell line, was purchased from
the cell bank of Chinese Academy of Sciences. KYSE450 and TE-1
cells were cultured in DMEM or RPMI-1640 medium containing
10% fetal bovine serum (FBS). Stable cell lines were established after
lentiviral infection and puromycin selection as described in our pre-
vious study.'”'” Six-week-old nude mice were purchased from SLRC
Laboratory Company (Shanghai, China). All of the protocols on hu-
man tissue examination and animal experiments were approved by
the Medical Ethics Committee of 900 Hospital of the Joint Logistics
Team.

Library Construction

A nucleotide sequence for TrxA-MCS-TrxA containing the enzyme
recognition sites was designed and obtained after performing high-fi-
delity PCR, followed by inserting TrxA-MCS-TrxA DNA into pBiFc-
VC155 for pBiFc-VC155-TrxA-MCS-TrxA construction, and an
MCS was inserted into a protein scaffold to form a constrained struc-
ture. Thirty-three random nucleotides sequences were also designed
and inserted into pBiFc-VC155-TrxA-MCS-TrxA to establish the li-
brary, which could drive the expression of peptide aptamers contain-
ing 11 random amino acids, after nucleotide synthesis, high-fidelity
PCR, and ligation. The library construct pBiFc-VC155-TrxA-pep-
tide-TrxA was identified by PCR and sequencing, and pBiFc-
VN173-SOX2 that could drive the expression of target protein
SOX2 was also successfully obtained; all sequences and primers de-
signed for these constructs were listed in Table S5.

BiFc Assay

We used BiFc method to confirm the interaction between SOX2 and
peptide aptamers. HEK293T cells are maintained in DMEM supple-
mented with 10% FBS and penicillin/streptomycin in 12-well plates,
and in each combined group, 0.2 pg of each construct, which ex-
presses fused protein to VN173 or VC155 that was listed in Table
S5, was co-transfected into HEK293T cells by using Lipofectamine
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2000 (Cat No. 11668-019; Invitrogen). For ratio analysis, 50 ng of
pDsRed2-C1 that encodes red fluorescent protein was co-transfected
as an internal control to measure the BiFC efficiency of fragments
derived from the Venus. For BiFC assay, transfected cells were fixed
with 4% paraformaldehyde and permeabilized in PBST (PBS with
0.5% Triton X-100), followed by incubation with PBS containing
DAPI and acquiring images by using fluorescent microscope (Nikon).

Immunoprecipitation and Western Blot

To examine the interactions between SOX2 protein and peptide ap-
tamers, pCMV-Tag2B-SOX2, pcDNA3.1-myc-hisC-TrxA-Peptide-
TrxA constructs were generated with high-fidelity PCR using primers
listed in Table S6, and the sequence was confirmed by DNA
sequencing (Figure S1E). A total of 5 pg pCMV-Tag2B-SOX2 and
5 pg pcDNA3.1-myc-hisC-TrxA-Peptide-TrxA were co-transfected
into HEK293T cells with polyethylenimine (PEI) reagent, and
HEK293T cells transfected with pCMV-Tag2B-SOX2 were used as
controls. Forty-eight hours after transfection with the constructs, pro-
teins were extracted and immunoprecipitation was performed with
the FLAG Immunoprecipitation Kit according to the manufacturer’s
manual. FLAG and myc antibodies were used for the identification of
target protein.

Tissue Hematoxylin and Eosin Staining, Immunofluorescence
Assay, Cell Proliferation, and Colony Formation Assays
These assays were performed as described previously.'*'

Peptide Design and Synthesis

Peptides were synthesized by Dg peptides (Hangzhou, China), in
which a fluorescent molecule TAMRA and a penetrating peptide
sequence were synthesized at the N terminus of peptides, respectively
(Table S4). The synthesized peptides were then resuspended in water
and stored at —20°C.

Wound-Healing Assay

Cells expressing peptide aptamers or control vectors were seeded in
six-well plates and grown to 90% confluence. The cell monolayers
were then scrapped with a sterile pipette tip, the floating cells were
removed, and the cultures were maintained in DMEM supplemented
with 5% FBS. The wound area was recorded at 0, 48, and 72 h after
scrapping. The healing index was calculated and analyzed by using
the formula: (Sy — S,)/Sp x 100%, which represents the ability of
cellular migration. S and S, represent the blank area at 0 and n hours
after scraping, respectively.

Matrigel Invasion Assay

Invasive assays were performed in inserts of 24-well plates (Cat No.
3422; Corning, NY, USA). The insert membrane was coated with
12 pL of ice-cold Matrigel Basement Membrane Matrix (Cat No.
356234; BD Company, USA). Cells were seeded on the insert and
cultured with 200 pL of medium containing 5% FBS. The lower cham-
ber was filled with 500 pL of medium containing 20% FBS. The cul-
ture was maintained for 48 h. The cells were then subsequently fixed
with methanol and stained with 1% crystal violet. Cells at the lower

end of the insert membrane were counted under the microscope
and photographed for analysis.

Xenograft and Metastasis Studies

A total of 1 x 107 KYSE450 cells were re-suspended in RPMI/Matri-
gel mixture, which were subcutaneously injected into the flanks of
6-week-old BALB/c nude mice and were maintained in specific path-
ogen-free environment. Five female nude mice per cohort (P42
ectopic expression and control) were randomly divided to receive
cancer cells, and tumors were collected 7 weeks after cell inoculation.
To further test the anti-cancer role of peptide 42 in nude mice,
KYSE450 cells mixed with matrigel were subcutaneously injected
into the flanks of 6-week-old male BALB/c nude mice, followed by in-
jecting 0.04 ng/uL peptide 42 and control peptide into the tumors
when they are visible. After 1 month, tumors were harvested, fixed
in 4% PFA, and sectioned for hematoxylin and eosin (H&E) staining.

To evaluate the effect of P42 aptamer and peptide 42 on metastatic
capability, fertilized eggs of zebrafish were developed for 24 h, and
then the embryos were cultured with 1-phenyl-2-thiourea (PTU),
an inhibitor of melanin production, in salt culture medium. These
embryos were then harvested for injecting tumor cells after 48 h,
and the perivitelline space of each embryo was injected with 200
KYSE450 cells by a pressure microinjector. For analyzing the effect
caused by synthetic peptide 42, KYSE450 cells were cultured with
0.02 pg/uL peptide 42 or control peptide for 24 h. After injection
with cancer cells, these embryos were cultured in salt culture medium
containing PTU at 34°C and were anesthetized after 48 h. The cells
were then photographed under a fluorescent microscope, and the
metastatic foci were analyzed.

Proteomics and Bioinformatics Analyses

KYSE450 cells were sonicated three times on ice using a high-intensity
ultrasonic processor (Scientz) in lysis buffer containing 8 M urea and
1% protease inhibitor cocktail. The remaining debris was removed after
centrifugation at 12,000 x gat 4°C for 10 min. After that, the superna-
tant was collected and the protein concentration was determined by a
BCA kit according to the manual instructions. The protein solution was
reduced by 5 mM dithiothreitol for 30 min at 56°C and alkylated with
11 mM iodoacetamide for 15 min at room temperature in darkness.
The protein samples were diluted by adding 100 mM triethylammo-
nium bicarbonate buffer (TEAB) to a urea concentration of less than
2M, followed by the addition of trypsin at 1:50 trypsin-to-protein
mass ratio for the first digestion overnight and then a 1:100 trypsin-
to-protein mass ratio for a second 4-h digestion. After this, the peptides
were desalted by Strata X C18 SPE column (Phenomenex) and vac-
uum-dried. Peptides in 0.5 M TEAB were reconstituted and processed
according to the manufacturer’s protocol of TMT kit/iTRAQ kit.

The tryptic peptides were subsequently fractionated into fractions by
high pH reverse-phase high-performance liquid chromatography
(HPLC) using Agilent 300 Extend C18 column (5-um particles,
4.6 mm inner diameter [ID], 250 mm length). In brief, the peptides
were initially separated with a gradient of 8%-32% acetonitrile (pH
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9.0) for over 60 min into 60 fractions, and then the peptides were
combined into 18 fractions and dried by vacuum centrifugation
and analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). The resulting data of MS/MS were processed by using
the Maxquant search engine (v.1.5.2.8). Bioinformatics analyses were
performed using annotation and functional enrichment, and the
annotation methods include GO annotation, KEGG pathway annota-
tion, and subcellular localization. The functional enrichment contains
enrichment of GO analysis, enrichment of pathway analysis, and
enrichment-based clustering.

Statistical Analysis

The data represent at least three independent experiments by using
cells or extracts from a minimum of three separate isolations. Differ-
ences between the groups were compared by using analysis of vari-
ance for repeated measures. All statistical analyses were performed
by using GraphPad PRISM v.5.0 software. Data were presented as
means + standard deviation (SD). Statistical significance between
the two groups was calculated by unpaired Student’s t test, and p
values <0.05 were considered to be significant.
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Supplemental Information.

Figure S1. Establishment of a peptide aptamer library for screening based on
BiFc. (A) Schematics of aptamer library construction and screening process. (B)
TrxA-MCS-TrxA fragment and pBiFc-VC155-TrxA-MCS-TrxA vector were
generated after high-fidelity PCR, ligation and enzyme identification. (C) A peptide
aptamer expression library containing 33 random nucleotide sequences was obtained
with high-fidelity PCR. (D) The peptide aptamer library was validated with bacterial
liquid PCR using specific primers. (E) Constructs expressing SOX2 protein and
peptide aptamers used for immunoprecipitation validation.
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Figure S2. Production of lentivirus that is used to express peptide aptamers P15,
P18, P42 and GFP. Note that control contains GFP and the package cell line is

HEK293T. Scale bar: 100m.

Control




Figure S3. Stable expression of various peptide aptamers in different cell lines

following lentiviral infection and drug selection. Scale bar: 100pm.
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Figure S4. P42 aptamer overexpression does not impact the proliferation and
apoptosis of normal esophageal epithelial cell lines (EPC2 and HEEC). Note
apoptotic cells are rarely detected in EPC2 control and p42 overexpression groups (C).

Scale bar: 100pm.
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Supplementary Table S1. The clinicopathological characteristics of 75 ESCCs are

closely correlated with the levels of SOX2 protein.

Cases in each group Percent

Histopathological | | 11 14.7%
grade I-11 14 18.7%

I 34 45.3%

H-111 5 6.7%

" 11 14.7%
TNM Stage T Stage 24 32%

N Stage 46 61.3%

M Stage 5 6.7%




Supplementary Table S2. Primers used for lentiviral plasmid construction

Lentiviral plasmid

Primer sequence(5°-37)

For

pCDH-CMV-Oligo-

IRES-GFP-Puro

construction

Forward:5’-CTAGAGCTAGCGAATTCTTCGAAACCGGTGATATCC
TCGAGG-3’

Reverse:5’-GATCCCTCGAGGATATCACCGGTTTCGAAGAATTCG
CTAGCT-3’

For

pCDH-CMV-Peptide-

IRES-GFP-Puro

construction

Forward:5’-CGGAATTCGCCACCATGAGCGATAAAATTATTCAC-3’

Reverse: 5’-CGGGATCCTCACAGGTTAGCGTCGAGGAA-3’




Supplementary Table S3. The most prominent biological process, cellualr

component and molecular function of changed protein upon ectopic expression

of P42 aptamer.

Up-regulated

Biological Process Cellular Component Molecular Function
cellular process cell binding
single-organism process organelle catalytic activity

Protein

biological regulation

extracellular region

molecular function
regulator

metabolic process

membrane

signal transducer activity

response to stimulus

membrane-enclosed

structural molecule activity

lumen
Down-regulated cellular process cell binding
Protein single-organism process organelle catalytic activity
biological regulation membrane molecular function

regulator

metabolic process

extracellular region

molecular transducer
activity

response to stimulus

membrane-enclosed
lumen

transporter activity




Supplementary Table S4. The detailed information of chemically synthetic

control peptide and peptide 42.

Control peptide

Peptide 42

Sequence

TAMRA-YGRKKRRQRRRCGPV

WISLARGPC(C12-C24)

TAMRA-YGRKKRRQRRRCGPVWFSTLFFPLF

FLISLARGPC(C12-C35)

Structure




Supplementary Table S5. Primers used for peptide library construction and BiFc

sequence(5°-3°)

Synthesized
Sequence for
TrxA-MCS-TrxA

5’-ATGAGCGATAAAATTATTCACCTGACTGACGACAGTTTTGA

CACGGATGTACTCAAAGCGGACGGGGCGATCCTCGTCGATTT

CTGGGCAGAGTGGTGCGGTCCAGTGTGCTGGGCCCAGCCGGC

CAGATCTGAGCTCGCGGCCGCGATATCGCTAGCTCGAGGTCCG

TGCAAAATGATCGCCCCGATTCTGGATGAAATCGCTGACGAAT

ATCAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAA

ACCCTGGCACTGCGCCGAAATATGGCATCCGTGGTATCCCGAC

TCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCAACCAAAGT

GGGTGCACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGC

TAACCTG-3’

For
pBiFc-VC155-TrxA-MCS-
TrxA construction

Forward: 5’- ACGCGTCGACCATGAGCGATAAAATTATTCAC-3’

Reverse: 5°’-GGGGTACCCAGGTTAGCGTCGAGGAA-3’

Synthesized
random sequence for
peptide expression

5’-CTGCAGAACCAGTGTGCTGGN32GATATCGCTAGCTCGAGC-
3 b

For random sequence
cloning

Forward: 5’>-CTGCAGAACCAGTGTGCT-3’

Reverse: 5’-GCTCGAGCTAGCGATATC-3’

For
pBiFc-VC155-TrxA-peptide
-TrxA identification

Forward: 5’>-TGCGGTCCAGTGTGCTGG-3’

Reverse: 5°-ACCTCGA GCTAGCGATATC-3’

For pBiFc-VN173-SOX2
construction

Forward: 5’-CGGAATTCAATGTACAACATGATGGAGAC-3’

Reverse: 5’-TGCTCTAGACATGTGTGAGAGGGGCAG-3’




Supplementary Table S6. Primers used for immunoprecipitation

sequence(5°-3’)

For pcDNA3.1-myc-hisC-
TrxA-Peptide-TrxA
construction

Forward:5’-cgGGATCCAACCATGAGCGATAAAATTATTCAC-3’

Reverse:5’-CGGAATTCCCAGGTTAGCGTCGAGGAA-3’

For pCMV-Tag2B-SOX2
construction

Forward: 5’-CGGAATTCATGTACAACATGATGGAGACG-3’

Reverse: 5’-CCCAAGCTTTCACATGTGTGAGAGG GGCA-3’
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