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An aptamer interacting with heat shock
protein 70 shows therapeutic effects
and prognostic ability in serous ovarian cancer
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Ovarian cancer (OvCa) is the most lethal gynecologic malig-
nancy owing to its high chemoresistance and late diagnosis,
which lead to a poor prognosis. Hence, developing new thera-
peutic modalities is important for OvCa patient treatment.
Our previous results indicated that a novel aptamer, Tx-01,
can specifically recognize serous carcinoma cells and tissues.
Here, we aim to clarify the clinical role and possible molecular
mechanisms of Tx-01 in OvCa. Immunostaining and statistical
analysis were performed to detect the interaction of Tx-01 and
heat shock protein 70/Notch1 intracellular domain (HSP70/
NICD) in OvCa. The in vitro and in vivo experiments were
carried out to demonstrate the potential mechanisms of Tx-
01. Results show that Tx-01 reduced serous OvCa OVCAR3
cell migration and invasion and inhibited HSP70 nuclear trans-
location by interrupting the intracellular HSP70/NICD inter-
action. Furthermore, Tx-01 suppressed serous-type OVCAR3
cell tumor growth in vivo. Tx-01 acts as a prognostic factor
through its interaction with membrane-bound HSP70
(mHSP70 that locates on the cell surface without direct interac-
tion to NICD) on ascitic circulating tumor cells (CTCs) and is
reported to be involved in natural killer (NK) cell recognition
and activation. Our data demonstrated that Tx-01 interacted
with HSP70 and showed therapeutic and prognostic effects in
serous OvCa. Tx-01 might be a potential inhibitor for use in se-
rous OvCa treatment.

INTRODUCTION
Ovarian cancer (OvCa) is the most lethal type of gynecological cancer
because of difficulties in early detection and chemoresistance.1 Even
though thorough surgical removal of the tumor can be performed,
the risk for recurrence of OvCa remains as high as 60%.2 Among
the different histologic types of OvCas, high-grade serous cancer
is the most common and lethal form of OvCa.3 Recently, targeting
homologous recombination deficiency (HRD), a molecular hallmark
in approximately 50% of high-grade serous OvCa, poly (ADP-ribose)
polymerase inhibitors can improve outcomes for a substantial num-
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ber of women with OvCa.4 However, due to the high cost of new can-
cer therapies and a non-HRD subgroup of serous OvCa, developing
new treatment modalities and predictive markers is mandatory.

Aptamers, short nucleic acids that can be selected through single-
stranded DNA (ssDNA) or RNA library binding onto a specific target
molecule in vitro, are used to bind targets with high affinity and spec-
ificity.5 One of the greatest advantages of aptamers for both diagnostic
and therapeutic applications is their relatively small size. The average
aptamer is approximately 10- to 15-fold smaller than a monoclonal
antibody. The selection process is termed the systematic evolution of
ligands by exponential enrichment (SELEX). Currently, aptamer appli-
cations in clinical diagnosis provide several advantages, such as high
specificity and selectivity, ease of synthesis, and relatively low produc-
tion costs, compared with antibodies produced from animal serum.
Therefore, they have been suggested for use in cancer diagnosis. For
instance, Meirinho et al.6 selected a DNA aptamer as a potential apta-
sensor against osteopontin in the plasma of patients with breast cancer,
and the sensitivity was reported to be better than that of the standard
ELISA method. Previously, we demonstrated that Tx-01 is a highly
specific aptamer that recognizes serous OvCa cells on glass slides in a
microfluidic system with automated SELEX.7,8 However, the biological
effects of Tx-01 in OvCa were unclear.

Heat shock protein 70 (HSP70) is usually highly expressed in cancer
cells and is commonly associated with disease progression.9,10
erapy: Nucleic Acids Vol. 23 March 2021 ª 2021 The Authors. 757
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Figure 1. Heat shock protein 70 (HSP70) interacted

with the Tx-01 aptamer in serous OvCa

(A) Immunofluorescence-stained Tx-01 was abundant in

the OVCAR3 cells (serous OvCa cell line) compared with

that in the IOSE-398 cells (normal ovarian epithelium cells)

or TOV-21G cells (clear cell OvCa cell line) staining. (B) 99

candidates interacting with the Tx-01 aptamer were

identified by liquid chromatography/tandem mass spec-

trometry (LC-MS/MS) and included 15 candidates related

to ovarian cancer, such as HSP70. (C) HSP70 expression

was higher in the serous OvCa cell lines than in the non-

serous OvCa cell lines. (D) Tx-01 aptamer-conjugated

magnetic beads (Tx-01 aptamer-MBs) and anti-human

HSP70 antibody were used to demonstrate the interac-

tion of Tx-01 and HSP70 in OVCAR3 and TOV-21G cells

through pull-down assay. The interaction of Tx-01 and

HSP70 in the OVCAR3 cells was stronger than that in

TOV-21G cells. Random ssDNA-conjugated MBs

(random ssDNA-MBs) as the negative control. (E)

Confocal microscopy images showed that the colocali-

zation of HSP70 (red) and Tx-01 (green) in the OVCAR3

cells was more obvious than that in the TOV-21G cells.

Scale bar, 20 mm. Arrows indicate the colocalization of

Tx-01 and HSP70 in the cell membrane. (F) Duolink

proximity ligation assay (PLA) showed that the interaction

of Tx-01 and HSP70 in the OVCAR3 cells was stronger

than that in the TOV-21G cells. (G) The Tx-01 aptamer

and HSP70 interaction in the OVCAR3 cells was signifi-

cantly higher than that in the TOV-21G cells, according to

the flow cytometry analyses. ***p < 0.01.
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Approximately 15% to 20% of the total cellular HSP70 is found on the
plasma membrane of some tumor cells, called membrane-bound
HSP70 (mHSP70), which may be due to its highly specific affinity
for cholesterol and phosphatidylserine.11–14 mHSP70 has been re-
ported to act as a novel circulating tumor cell marker because it is
the only member of the HSP family found on the cell surface, espe-
cially on cancer cells.15,16 Furthermore, mHSP70 has been found to
have a tumor-specific structure recognized by natural killer (NK)
cells, which stimulates the cytolytic and proliferative activity of the
NK cells, and has been found to kill cancer cells expressing membrane
HSP70.17,18 Additionally, the frequency of NK cells within the
lymphocyte fraction in ascites at diagnosis is related to the survival
of OvCa patients.19
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The Notch pathway is involved in cell prolifer-
ation, differentiation, and survival and is one of
the most commonly activated signaling path-
ways in many cancers, including OvCa.20–22 It
was reported that HSP70 can interact with the
Notch1 intracellular domain (NICD) to activate
Notch signaling.23 HSP70 may play a dual role
in the cell surface recognition by NK cells and
intracellular signal regulation of OvCa. Consid-
ering the liquid chromatography/tandem
mass spectrometry (LC-MS/MS) analysis, we
hypothesize that Tx-01 may interact with
HSP70, and we thus sought to clarify the clinical implications of
Tx-01 and its possible molecular mechanism in OvCa.

RESULTS
Tx-01 interacted with HSP70 in serous OvCa cells

To explore the possible mechanism by which Tx-01 recognizes serous
OvCa, we first used immunofluorescence staining to study the corre-
lation of Tx-01 and cell types. We noticed that the binding of Tx-01
on OVCAR3 serous-type OvCa cells was more abundant than that on
normal IOSE-398 ovarian cells or TOV-21G non-serous-type OvCa
cells (Figure 1A). Through LC-MS/MS analysis, 99 candidates were
identified, of which 15 candidates were associated with OvCa (Fig-
ure 1B; Table S1). HSP70 was found to be the most likely candidate
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by which Tx-01 binds to OVCAR3 cells, especially because it was re-
ported to be expressed not only in the cytoplasm and nucleus but also
on the cell membrane.13 Therefore, we selected HSP70 for use in sub-
sequent experiments performed to validate our hypothesis. We
excluded the candidate with the highest score, histone 2B type 1J
(H2B1J), because of its expressed location. No reports have indicated
that H2B1J is expressed on the cell membrane and that histone H2B
ubiquitination is essential for tumor suppression in OvCa.24 The
western blotting data also showed that the serous-type OC cell line,
i.e., OVCAR3, SKOV3, and CAOV3, exhibited more HSP70 expres-
sion compared with other non-serous type cell lines (Figure 1C).

To demonstrate the interaction of HSP70 and Tx-01, we next per-
formed an immunoprecipitation assay using magnetic beads (MBs)
coatedwithTx-01 aptamers (i.e., Tx-01 aptamer-MBs) to capture target
cancer cells, as well as normal ovarian epithelial cells, IOSE-398. The
interaction of Tx-01 and HSP70 on the serous-type OVCAR3 cells
was found to be obvious more than it was on the non-serous-type
TOV-21G cells and normal ovarian IOSE-398 cells (Figure 1D). The
confocal images showed that HSP70 was diffusely distributed in the
cytoplasm; another critical feature was the aggregation of HSP70 on
the cell surface, with a fewHSP70molecules located in the nucleus (Fig-
ure 1E, red fluorescence). On the other hand, Tx-01 (Figure 1E, green
fluorescence)was abundantly distributed in the cytoplasm and nucleus.
Notably, the sporadic signals of Tx-01 and HSP70 were colocalized on
the cell surface (arrowhead). Moreover, a proximity ligation assay
(PLA) indicated that the interaction of Tx-01 and HSP70 was much
stronger in the OVCAR3 cells than it was in the TOV-21G cells (Fig-
ure 1F). In addition, Tx-01 aptamer could directly interact with recom-
binant human HSP70 protein in ELISA assay (Figure S1A). Figures
S1By utilizing flow cytometry, we also demonstrated that if without
the permeation step during the process of immunocytochemistry stain-
ing preparation, Tx-01 recognized HSP70 on the OVCAR3 cell surface
(Figure 1G) less than10%. However, when the permeation step exist-
enced in the process of immunocytochemistry staining preparation,
the interaction of Tx-01 and HSP70 were obviously increased (Figures
S1B and S1C). These results suggest thatTx-01 interactionswithHSP70
may play an important role in serous OvCa.

Tx-01 inhibited OVCAR3 cell proliferation, migration, and

invasion by interrupting the interaction of HSP70 and the NICD

HSP70 has been reported to play a critical role in cancer development
and has a positive correlation with increased cell proliferation and
malignancy.9 In addition, it has been demonstrated that HSP70 inter-
Figure 2. Tx-01 is an inhibitor that interrupts the interaction of intracellular HS

migration and invasion

(A and B) After Tx-01 (200 nM), DAPT (g-secretase inhibitor, 5 mg/mL), and KNK437

reduced in the OVCAR3 cells compared with the untreated cells. Random ssDNA treatm

and invasion (B, right side) was performed using ImageJ software. *p < 0.05; **p < 0

translocation of HSP70-NICD. After DAPT or KNK437 treatment, HSP70 translocation in

arrow indicates membrane HSP70 in the untreated group (scale bar, 20 mm). Quantifica

**p < 0.01; ***p < 0.001. (D) Western blot assay was used to confirm that nuclear HSP70

binding affinity of HSP70 and NICD was significantly reduced after 200 nM, 400 nM, 8
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acts with the NICD and then is translocated into the nucleus to regu-
late Notch signals.23 Here, we aimed to clarify whether Tx-01 was
involved in the HSP70/NICD signaling pathway to regulate biological
functions in OVCAR3 cells. Thus, we used g-secretase inhibitor
(DAPT) or HSP70 inhibitor (KNK437) to block HSP70 and Notch1
interaction. The optimal Tx-01 working concentration was selected
by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(MTT) assay (Figure S2A). OVCAR3 cell invasion was found to be
significantly reduced after treatment with 200 nM Tx-01 compared
with that of the untreated cells, while there was no inhibition of inva-
sion in the random ssDNA treatment (in 200 nM; Figure 2A). Simi-
larly, the wound-healing assay showed that Tx-01 contributed to
reduce cell migration ability, a result similar to that after inhibitor
treatment (Figure 2B). In addition, we used MTT assay to confirm
the Tx-01 could inhibit cell proliferation at 12 and 24 h treatment
(Figure S2B). All the inhibitors, DAPT, KNK437, or Tx-01 could
inhibit cell proliferation, migration, and invasion, especially in com-
bined treatment (Figures 2A and 2B; Figure S2B). Confocal micro-
scopic images also showed that the HSP70 expression signal intensity
was significantly reduced in the OVCAR3 cell nuclei (arrowhead) af-
ter Tx-01, DAPT, or KNK437 treatment (Figure 2C). Furthermore,
the nuclear expression of HSP70 and NICD was reduced in the
OVCAR3 cells after inhibitor treatment (Figure 2D, lanes 3–8).
Significantly, the same phenomena were also observed after Tx-01
treatment (Figure 2D, lane 2). We next used recombinant human
HSP70 to serve as an antigen to detect the binding affinity of
HSP70 with NICD with/without Tx-01 exposure. According to the
ELISA result, the HSP70 and NICD binding affinity was significantly
decreased after exposure to 200 nM Tx-01 (Figure 2E), implying that
Tx-01 may act as an inhibitor that interrupts the interaction of
HSP70/NICD and then blocks HSP70 translocation into the nucleus.

Tx-01 inhibited serous OvCa tumor growth with reduced HSP70

nuclear translocation and increased apoptosis in a xenograft

model, and low nuclear HSP70 expression is associated with

good prognosis in serous OvCa patients

Xenograft model mice were randomly allocated into 3 groups: group
A, group B, and group C, with group A serving as the control group.
Next, we pretreated OvCa cells with Tx-01 (200 nM) for 12 h and then
subcutaneously injected the cells (1 � 106 cells) into nude mice
(groups B and C). After inoculation, the group C mice were adminis-
tered Tx-01 (200 nM) twice weekly. On average, the TOV-21G xeno-
graft tumor size and growth rate were larger and faster, respectively,
than they were in the OVCAR3 xenograft tumors (Figures 3A
P70 and the Notch1 intracellular domain (NICD) to suppress OVCAR3 cell

(HSP70 inhibitor, 100 mM) treatment, cell migration and invasion were significantly

ent was used as the negative control. Quantification of cell migration (A, right side)

.01; ***p < 0.001. (C) Immunofluorescence stain was used to observe the nuclear

to the nuclei was obviously reduced. The triangle indicates nuclear HSP70, and the

tion of nuclear HSP70 expression was performed using ImageJ software. *p < 0.05;

and NICD were obviously reduced after Tx-01, DAPT, or KNK437 treatment. (E) The

00 nM, and 1,600 nM Tx-01 treatment. *p < 0.05; **p < 0.01.



Figure 3. Tx-01 inhibited OvCa tumor growth in a

xenograft mouse model

Serous OvCa patients with high nuclear expression of

HSP70 carried poor prognosis. (A and B) Group A, un-

treated; group B, pretreatment with Tx-01 200 nM for 12

h; group C, Tx-01 200 nM treated twice per week. The

OVCAR3 xenograft tumor sizes in groups B and C were

significantly smaller and grew more slowly than those of

group A (one-way ANOVA; p = 0.0135). The TOV-21G

xenograft tumor size and growth rate were not signifi-

cantly different (one-way ANOVA; p = 0.9713). (C and D)

Fluorescence microscopy images showing that nuclear

HSP70 was significantly reduced in OVCAR3 xenograft

tumors of groups B and C compared with group A

OVCAR3 xenograft tumors. The number of apoptotic

cells was significantly increased in group C. No significant

difference was noted in the TOV-21G xenograft tumors.

Scale bar, 100 mm. Quantification of nuclear HSP70

expression was performed using Nuance analysis

software based on attachments observed via micro-

scopy. *p < 0.05; **p < 0.01; ***p < 0.001. (E) Nuclear

HSP70 was observed in serous carcinoma after IHC

staining. Images indicate low and high nuclear HSP70.

Scale bar, 200 mm. (F) Serous OvCa patients with

high nuclear HSP70 expression had poor overall survival

(p = 0.0456).
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and 3B). OVCAR3 xenograft tumor sizes in groups B and C were
significantly smaller, with the tumors growing more slowly compared
with the size and growth of the group A tumors (no treatment; Fig-
ure 3A). However, the TOV-21G xenograft tumors size and growth
rate were not different between these three groups (Figure 3B). More-
over, there is no significant reduction of tumor size in OVCAR3 xeno-
graft under the treatment of random ssDNA (Figure S3A). After
immunofluorescence staining, we observed in the fluorescence micro-
scopy images that the expression level of nuclear HSP70 was different
in the 3 groups. As expected, nuclear HSP70 expression was obviously
reduced in group C OVCAR3 xenograft tumors, and this reduction
was correlated with increased cell apoptosis (Figure 3C, left). The
quantitative results are shown in Figure 3D and suggest that Tx-01
Molecular Th
contributed to the inhibited intracellular
HSP70 translocation into the nucleus, which
suppressed cell proliferation and induced cell
apoptosis. We next tested whether Tx-01,
DAPT, and KNK437 could induce OvCa cell
apoptosis in vitro. The results showed that all
Tx-01, DAPT, and KNK437, as well as combi-
nation treatments, could induce OVCAR3 cell
apoptosis by fluorescence-activated cell sorting
(FACS) assay (Figures S3B and S3C).

A cohort of 113 patients with serous OvCa,
including 54 patients from National Cheng
Kung University Hospital (NCKUH), Taiwan,
and 59 patients from Chi Mei Hospital
(CMH), Taiwan, was recruited to obtain sam-
ples for HSP70 immunohistochemistry (IHC) staining, for studying
clinical associations. The clinical characteristics of these samples are
described in Table S3. Quantitation of nuclear HSP70 levels was
determined by Nuance imaging software (version 3.0.2, Perki-
nElmer) based on three views of 200� field. A time-dependent
receiver operating characteristic curve (ROC) was used to determine
the best cutoff point and distinguish nuclear HSP70 low expression
(%2.3) from high expression (>2.3; microscopy images shown in
Figure 3E). The survival analysis results showed that high nuclear
HSP70 expression was significantly associated with a poor outcome
(p = 0.0456; Figure 3F). In summary, nuclear HSP70 translocation is
essential for serous OvCa progression, while Tx-01 contributes to the
inhibition of nuclear HSP70 translocation by interfering with the
erapy: Nucleic Acids Vol. 23 March 2021 761
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Figure 4. Tx-01 recognized membrane-bound

HSP70 (mHSP70) on the circulating tumor cells

(CTCs) in ascites and led to favorable prognosis

(A) Representative fluorescence microscopy images

showing Tx-01 and mHSP70 colocalization in the

EpCAM(+) CTCs from serous OvCa patient ascites. Scale

bar, 100 mm.Right upper graph shows the summary of Tx-

01 and HSP70 colocalization percentage in all 16 ascites

samples. (B) Tx-01 expression in the ascitic CTCs was

significantly correlated with mHSP70 (p < 0.0001; R2 =

0.8141). (C) High Tx-01 binding in the ascitic CTCs was

significantly associatedwith higher PFS (p = 0.03). (D) High

mHSP70 expression in the ascitic CTCs was associated

with borderline favorable PFS comparedwith lowmHSP70

expression (p = 0.09). PFS, progression-free survival.
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interaction of HSP70 and NICD. Therefore, Tx-01 has therapeutic
potential in serous OvCa by blocking HSP70 nuclear translocation.

Tx-01 recognized mHSP70 in serous OvCa ascitic circulating

tumor cells (CTCs) and led to favorable prognosis

Considering these results, we next used magnetic beads with surface-
coated anti-human EpCAM antibody to isolate CTCs in ascites from
16OvCa patients for use in immunofluorescence staining to verify the
cell surface interactions. The clinical information of 16 patients is
described in Table S2 and includes 1 patient (Patient 8) whose sample
was obtained at the 2nd surgery during tumor recurrence, which was
excluded from the survival analysis. The flow chart showing the
experimental design for the ascitic CTC and EpCAM (–) cell analyses
762 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
is presented in Figure S4-1. The results of
EpCAM-MB isolation enrichment from the 16
OvCa patient samples are shown in Figure S4-2.
There were 4 patients CTCs with no EpCAM
enrichment. We used a specific anti-human
mHSP70 antibody (sc-66048; Santa Cruz
Biotechnology) to verify the cell-surface bind-
ing of Tx-01 and mHSP70. The percentage of
areas stained for Tx-01 and mHSP70, including
areas of co-localization, was calculated based on
three different fields magnified at 200� with
Nuance imaging software (version 3.0.2, Perki-
nElmer). We observed that Tx-01 (green fluo-
rescence) and mHSP70 (red fluorescence)
were co-localized on the cell surface of ascitic
CTCs (Figure 4A) with some variation, which
could be categorized as high and low colocaliza-
tion areas based on the median percentage area
(=0.45; yellow). Moreover, the individual bind-
ing area of Tx-01 in the ascitic CTCs was signif-
icantly correlated with the mHSP70 area
(p < 0.0001; R2 = 0.8141; Figure 4B). To deter-
mine whether Tx-01 is a prognostic factor, we
divided the CTCs into high-Tx-01-binding or
low-Tx-01-binding groups according to theme-
dian percentage area (=4.19). Patients with high Tx-01 binding in as-
citic CTCs had significantly more favorable progression-free survival
(PFS) than those with low Tx-01 binding (p = 0.03; Figure 4C). How-
ever, when using the median percentage area (=2.45) of the mHSP70
as the cutoff value, patients with high mHSP70 expression in ascitic
CTCs were associated with borderline favorable PFS compared with
those with low mHSP70 expression (p = 0.09; Figure 4D).

Tx-01 binding in ascitic CTCs was positively correlated with

CD56(+)CD107a(+) NKcells, and highCD56(+)CD107a(+) NKcells

led to a favorable prognosis for serous OvCa patients

Because mHSP70 was reported to be recognized by NK cells and to
lead to mHSP70(+) tumor cells being killed by NK cells,17,18 we next



Figure 5. High CD56(+)CD107a(+) NK cells in the

ascites led to favorable prognosis for serous OvCa

patients

(A) After EpCAM-magnetic bead isolation, the EpCAM(–)

cells were stained with anti-CD56 and anti-CD107a to

detect activated NK cells [CD56(+)CD107a(+)] through

flow cytometry. (B) The ascetic CD56(+)CD107a(+) acti-

vated NK cells were significantly and positively correlated

with CTC mHSP70 expression (R2 = 0.5582; p = 0.0009)

and Tx-01 binding (R2 = 0.7221; p < 0.0001). (C) Acti-

vated NK cells [CD56(+)CD107a(+)] were significantly

associated with PFS (p = 0.04).
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analyzed whether the CD56(+)CD107a(+) NK cell population in the
ascites samples was associated with a good prognosis to evaluate the
value of Tx-01 in OvCa predictions. Through flow cytometry analysis,
we found that the proportions of CD56(+)CD107a(+) NK cells were
different in the ascites from the 16OvCa patients (Figure 5A). Further-
more, analyzing the immunofluorescence of the EpCAM(–) cells, we
observed that patients may have had high CD56(+)CD107a(+) or
low CD56(+)CD107a(+) NK cells in the ascites, as indicated by the
median fluorescence area (= 0.65; Figure S5). Further, the mHSP70
and Tx-01 staining intensities were significantly and positively corre-
lated with CD56(+)CD107a(+) NK cells (p = 0.0009, R2 = 0.5582
and p < 0.0001, R2 = 0.7221, respectively; Figure 5B). Using themedian
as the cutoff value (= 17.43) for high and low CD56(+)CD107a(+) acti-
vated NK cells in the ascites, we found that high CD56(+)CD107a(+)
NK cells in the ascites were significantly associated with better PFS for
patients (p = 0.04; Figure 5C). Overall, we demonstrated Tx-01 ap-
tamer have both therapeutic and diagnostic roles in serous type
Molecular Th
OvCa. The possible molecular mechanism of
Tx-01 in serous carcinoma is illustrated in
Figure 6.

DISCUSSION
In this study, we demonstrated that the Tx-01
aptamer interacted with HSP70, showing dual
roles as a therapeutic and prognostic factor for
serous OvCa patients. Aptamers, selected via a
SELEX process, can bind with target molecules
selectively with high specificity and affinity
and therefore can be used in diagnostic, thera-
peutic, imaging, and gene-regulatory applica-
tions.5,6,25–27 Huh et al.25 reported that colon
cancer recurrence was successfully predicted
for patients through array-based aptamer selec-
tion in a prognostic model. Macugen, an anti-
vascular endothelial growth factor (VEGF)
RNA aptamer, was demonstrated to be a prom-
inent achievement in macular degeneration
therapy.26 Aptamers become essential targets
for anticancer drug development because they
are nontoxic and lack immunogenicity in
contrast to antibodies.28 OvCa, the most lethal
cancer affecting women, has a poor 5-year survival rate, which has
shown no improvement since 2008.29 Developing new treatment mo-
dalities for this disease is important. Interestingly, we demonstrated
that intracellular Tx-01 contributed to a decrease in HSP70/NICD
translocation to the nucleus, which reduced cell migration and inva-
sion (Figure 2). Because aptamers are small and specific oligonucleo-
tides that can enter the intracellular space by endocytosis or pinocy-
tosis,30 they can interact with intracellular molecules, e.g., HSP70,
with ease.

HSP70 is a chaperone protein that exhibits cytoprotective properties
and is translocated to the nucleus under stress conditions.31 Intracel-
lular HSP70 can inhibit caspase activity directly or can be used indi-
rectly against stress-induced apoptosis.32 HSP70, which is found
abundantly in cancers, suppresses apoptosis, allowing cancer to prog-
ress. Notably, a decrease in the level of HSP70-induced cancer cell
death HSP70, which is found abundantly in cancers, suppresses
erapy: Nucleic Acids Vol. 23 March 2021 763
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Figure 6. Diagram illustrating the dual role of Tx-01 in

serous OvCa

In the ascitic CTCs, Tx-01 interacts with mHSP70, recog-

nized by ascitic NK cell, and acts as a marker of good

prognosis. Intracellular Tx-01 interrupts the interaction of

HSP70 and NICD, blocking HSP70 nuclear translocation to

reduce cell migration, invasion, and tumor growth.
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apoptosis, allowing cancer to progress.33 The overexpression of
HSP70 has been linked to the aggressiveness of ovarian cancer.34

Studies on effusions from OvCa patients revealed an association be-
tween HSP70 and poor overall survival.35,36 In our serous OvCa
cohort study, we found that high nuclear expression of HSP70 led
to a poor prognosis (Figure 3E). Therefore, increasing cell apoptosis
in cells by reducing intracellular HSP70 expression is a promising
approach to cancer treatment. The high expression of HSP70 in se-
rous OvCa may be a candidate target for Tx-01 treatment. In the
xenograft mouse experiment (Figure 3), we demonstrated that Tx-
01 is a novel therapeutic for use in serous OvCa with high HSP70
expression.

HSP70 has been reported to localize to the plasma membrane
(mHSP70) under pathophysiological states, such as cancer, but not
in corresponding normal cells.13,14,37 Significant amounts of
mHSP70 are often indicative of highly aggressive tumors, metastatic
potential, and resistance to therapy, i.e., endometrial cancers, osteo-
sarcomas, and renal cell tumors.38,39 The role of mHSP70 as a target
structure for NK cells has been demonstrated.37 Tumor cells express-
ing mHSP70 are significantly more susceptible to NK-cell-mediated
cell killing than those expressing low levels of mHsp70.39 The impor-
tance of CD8+ T cell infiltration in ovarian cancer tumors has been
demonstrated, and the role of ascitic NK cells remains unclear.40

Here, we observed Tx-01 on ascitic CTCs from 16 serous carcinoma
patients, and it was significantly correlated with mHSP70 and
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CD56(+)CD107a(+) NK cells (Figure 4B). The
results may be associated with the fact that
mHSP70 is recognized by NK cells, leading to
tumor cell death and a good outcome. However,
the result of mHSP70 expression in PFS
analysis showed borderline favorable prognosis
(p = 0.09). The mHSP70 may not be sufficient
to activate NK cells to cause tumor cells to be
killed. The presence of cytokines, i.e., inter-
leukin-2 (IL-2) or IL-15, is important for NK
cell stimulation and activation.41 One possible
reason for borderline favorable prognosis be-
tween patients with mHSP70 high expression or
low expression may be due to the different IL-2
or IL-15 level in patients’ ascites. In addition,
based on our previous study,7 both GPM6a and
BRCA2 may be possible binding targets of the
Tx-01. In the Human Protein Atlas database, pa-
tients with high expressions of GPM6a or BRCA2
tend to have favorable prognosis than those with low expression.
Overall, Tx-01 may be a good prognostic predictor of serous carci-
noma through the recognition of mHSP70.

It is becoming increasingly clear that HSP70s are abundantly present
in cancers, while the high HSP70 level causing it accumulates in lyso-
somes and then is transported to the membrane and released. For the
mechanisms for Tx-01 aptamer into the intracellular space for its
therapeutic effect, we conside that it binding with the mHSP70 on tu-
mor cells surface and then rapid internalization after endocytosis or
pinocytosis is another possibility action.42

In conclusion, in this study we demonstrated that the Tx-01 aptamer
interacts with mHSP70 in ascitic CTCs as an NK cell recognition
marker in serous carcinoma. On the other hand, Tx-01 reduced
intracellular HSP70/NICD interactions to block HSP70 nuclear trans-
location and reduce cell migration and invasion. In terms of clinical
treatment, the Tx-01 aptamer may be a potential candidate for a novel
OvCa therapeutic modality, especially for serous OvCa with high levels
of HSP70 expression. Tx-01 may have dual roles in serous OvCa prog-
nosis prediction and therapy through its interaction with HSP70.

MATERIALS AND METHODS
Immunofluorescence staining and quantitation

IOSE-398, TOV-21G, and OVCAR3 cells were cultured in chamber
slides and fixed in 4% paraformaldehyde for 15 min at room
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temperature (RT). They were washed with ice-cold phosphate-buff-
ered saline (PBS) and then incubated for 10 min in 0.25% Triton
X-100 in (PBS). Bovine serum albumin (BSA; 1%) in PBS with Tween
20 (PBST) was then used for 30 min block the cells, and then Tx-01
aptamer (1:100; stock concentration = 100 nm, Genomics), anti-
HSP70 (1:100; #4873; Cell Signaling), or anti-NICD (1:50; ab8925;
Abcam) primary antibodies were added and stored overnight at
4�C. After washing with PBST, the samples were treated with fluores-
cence-conjugated secondary antibody in PBS for 1 h at RT in the dark.
The results of the immunofluorescence staining were observed
through a confocal microscope, and the percentage of the area with
nuclear HSP70 was determined based on three different fields magni-
fied 800� with ImageJ software.

Ascitic EpCAM(+) cells or CTCs were resuspended in 1% BSA con-
taining Tx-01 aptamer (1:100; stock concentration = 100 nm, Geno-
mics) and anti-HSP70 (1:100; sc-66048; Santa Cruz Biotechnology)
antibodies incubated at RT for 1 h and then cytospinned on slides.
The EpCAM(–) cells were collected and stained with anti-CD56
(1:50; #99746; Cell Signaling) and anti-CD107a (1:50; 328602;
BioLegend) antibodies.

After washing with PBST, the samples were treated with fluorescence-
conjugated secondary antibody in PBS for 1 h at RT in the dark. The
immunofluorescence staining was observed using a ZEISSAxio Imager
D2 microscope. The percentages of the areas stained with Tx-01,
mHSP70,CD56, andCD107awere determined based on three different
fields magnified at 200� with Nuance imaging software (version 3.0.2,
PerkinElmer). To determine the colocalization of Tx-01/mHSP70 and
CD56/CD107a (yellow), we further normalized the areas of Tx-01/
mHSP70 and CD56/CD107a to the area stained by 40,6-diamidino-2-
phenylindole (DAPI).
IHC

For IHC analyses, paraffin-embedded samples from 113 serous-type
ovarian cancer patients were immunostained with the anti-HSP70
antibody (1:500; CM407A; BioCare Medical). Then, horseradish
peroxidase (HRP)-conjugated immunoglobulin G (IgG) antibody
was added and incubated for 1 h, and the specimens were analyzed
by using avidin and biotinylated enzyme complex (ABC) detection.
The IHC images were observed under a ZEISS Axio Imager D2micro-
scope, and the nuclear HSP70 level was determined by using Nuance
imaging software (version 3.0.2, PerkinElmer) based on three views of
200� field. This study was approved by the Human Experimental and
Ethics Committee of NCKUH (IRB number A-ER-104-014) and Chi
MeiMedical Center (IRB number 10807-005).Written informed con-
sent for participation in the study was obtained from the participants.
LC-MS/MS

Total cell lysates or membrane proteins were prepared by using radio-
immunoprecipitation assay (RIPA) buffer or a plasma membrane
protein extraction kit following the manufacturer’s instructions
(ab65400, Abcam, UK).
Tx-01 aptamer-coated magnetic beads were incubated with 100 mg of
cell lysate in a final volume of 350 mL for 1 h at RT. Protein/aptamer-
bead complexes were then washed with PBS three times to remove
nonspecifically bound proteins. Since the Tx-01 aptamer was modi-
fied with a biotin group at the 50 end, the target molecules (i.e., bind-
ing sites) of aptamer Tx-01 were purified with streptavidin resin
(G Bioscience, USA, Cat. #786-555). Finally, protein/aptamer-bead
complexes were resuspended in double-distilled water (ddH2O) con-
taining 6� protein loading dye and heated at 95�C for 5 min followed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) separation and staining with Coomassie brilliant blue. The
protein candidates on the gels were subjected to trypsin digestion,
and then the tryptic peptides were collected and desalted by C18 Zip-
Tip column chromatography before the LC-MS analysis. Mass spec-
tral data were acquired using a Thermo LTQ-Orbitrap Discovery
Hybrid mass spectrometer (Thermo Fisher, USA) equipped with a
nanoelectrospray ion source (New Objective, Woburn, MA, USA)
and an Agilent 1200 Series binary high-performance LC (HPLC)
pump (Agilent Technologies, USA). The experimental RAW files
were converted to mgf format and subjected to Mascot analysis
(version 2.3, Matrix Science, USA) to identify the target molecules
of the Tx-01 aptamer. The methods were described previously by
Vega et al.12

Western blot assay

30 mg of protein was subjected to 10% SDS-PAGE and transferred
onto polyvinylidene fluoride (PVDF) membranes (IPVH00010;
Millipore). The primary antibodies (Abs) were anti-HSP70 (1:1,000;
#4873; Cell Signaling) and anti-activated Notch (NICD; 1:500;
ab9825; Abcam). The secondary antibodies were anti-rabbit and
anti-mouse HRP conjugates (1:10,000 dilution; A0545 and A9044;
Sigma-Aldrich). The blocking/dilution reagent was 5% skim milk in
a mixture of Tris-buffered saline plus 0.05% Tween 20 (TBST). The
proteins were visualized using X-ray film and an enhanced chemilu-
minescence system (Millipore). The protein expression level was
determined by using ImageJ software.

Tx-01 aptamers conjugated magnetic beads in pull-down assay

500 mL (800 mg) of stock Dynal streptavidin (SAv)-polystyrene-
coated M280 (with a diameter of 2.8 mm) MBs (Thermo Fisher)
were used for each sample and washed twice for 5 min each time
with 1 mL of sterile PBS on a magnetic rack. The 50-biotinylated
Tx-01 aptamer was rehydrated in sterile PBS. Then, 100 mL of ap-
tamer was added per 100 mL of stock SAv-MBs and mixed for 1 h
at RT in sterile 1.5 mL microfuge tubes. The Tx-01 aptamer-
50-biotin-SAv-MBs were then collected on the magnetic rack for
2 min and then washed 3 times in 1 mL of sterile PBS. Tx-01-MBs
were resuspended in 100 mL of sterile PBS, stored at 4�C, and then
used in pull-down assays.

100 mL of stock Tx-01-MBs were added to each sample tube (with
OVCAR3 or TOV-21G cell lysate). The tubes were mixed gently on
a rotary mixer for 2 h at RT. The tubes were washed 3 times in
1 mL of sterile PBS per wash on a magnetic rack, and the mixtures
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of Tx-01-MBs and cell lysate were collected. The interaction of Tx-01
and SHP70 was shown with immunoblotting.

Proximity ligation assay

The cells on coverslips were fixed in 4% paraformaldehyde for 10 min
at RT, blocked with PBS, and 3% BSA for 1 h at 37�C and then cos-
tained overnight with 1mMbiotinylated Tx-01 and anti-HSP70mouse
monoclonal antibody (1:200 in PBS, Biocare Medical) at 4�C. Then,
the coverslips were washed twice in PBS, and the cells were stained
for 1 h with rabbit anti-biotin polyclonal antibody (1:200 in PBS
with 3% BSA, Abcam) at 37�C. The coverslips were washed twice in
PBS and subsequently stained with PLA probes (one anti-rabbit
PLUS and one anti-mouseMINUS). According to the standard proto-
col using Duolink PLA technology, the interacting signal was ampli-
fied by using Duolink in situ red detection reagent. Finally, the cover-
slips were mounted in Prolong Gold mounting medium with DAPI
and observed under a fluorescence microscope.

Flow cytometry

To analyze the Tx-01 interaction with membrane-bound HSP70, we
used phycoerythrin (PE)-conjugated rat anti-HSP70 monoclonal anti-
body (1:100; 4873;Cell Signaling) andTx-01 aptamer conjugated toCy3
to stain TOV-21G or OVCAR3 cells, which were analyzed with FACS
(BD Biosciences). Moreover, anti-CD56 (1:50; #99746; Cell Signaling),
anti-CD107a (1:50; 328602; BioLegend), and suitablefluorescence-con-
jugated secondary Abs were used to determine the amount of activated
NK cells through double staining. The geometricmean fluorescence in-
tensity (MFI) was determined by FCSalyzer 0-5 software.

Isolation of the CTCs from OvCa patient ascites

Ascitic cells were collected by centrifugation at 1,500 revolutions per
minute (rpm). These cells were suspended in PBS. Anti-EpCAM anti-
body (5 mL/test; 565398; BD Biosciences) was added and incubated
for 1 h at RT. The negatively stained cells were removed after
1,500 rpm centrifugation, and positively stained cells were resus-
pended in 1� BD IMag buffer (10� dilution; 552362; BD Biosci-
ences). 10 mL of anti-mouse IgG1 magnetic particles (10 mL/test;
557983; BD Biosciences) were added and incubated for 30 min at
RT. The EpCAM(+) cells were collected by using a magnetic sepa-
rator (552311; BD Biosciences) and resuspended in PBS for use in
future experiments.

Migration/invasion assay

OVCAR3 cells (3 � 105) were seeded into a culture insert (IB-80209;
ibid) or placed on 8-mm pore polycarbonate inserts containing Matri-
gel (354234; BD PharMingen) and incubated at 37�C. After 12 h, the
migrating cells were observed and quantitated under a microscope by
using ImageJ software; the membrane was slowly removed, washed in
PBS, and stained with Giemsa. These invasive cells were counted un-
der a microscope and photographed.

Xenograft mouse model

6-week-old nude (CAnN.Cg-Foxn1nu/CrlNarl) mice were obtained
from the National Laboratory Animal Center, Taiwan. The housing
766 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
and experimental animal procedures were approved by the Institu-
tional Animal Care and Use Committee of NCKU (approval number
IACUC107197). OVCAR3 or TOV-21G cells (1 � 106/100 mL PBS)
were subcutaneously injected intomice.Mice received no Tx-01 treat-
ment (group A) or were injected with cells pretreated with Tx-01 only
and then intratumorally treated with 100 mL of PBS twice a week
(group B) or Tx-01 (200 nM/100 mL PBS) treatment twice a week
(group C). The xenograft samples were immunostained with anti-
HSP70 antibody (1:500; CM407A; BioCare Medical). The secondary
antibodies, including HRP-conjugated IgG and fluorophore-conju-
gated IgG, were used for imaging. Nuance software version 3.0.2 (Per-
kinElmer) was used for quantification of the nuclear expression of
HSP70 in the three groups.

Binding affinity assay

The binding affinity of HSP70 and NICD was measured by ELISA us-
ing a commercially available DIY kit (Rega Biotechnology). Recombi-
nant human HSP70 (200 ng/well; AP-100; R&D Systems) was coated
on a 96-well plate with 1� coating buffer (Rega Biotechnology). After
incubation at 37�C for 1 h, the coating buffer was removed and the
cells washed 3 times with 1� washing buffer (100 mL/well) and incu-
bated at 37�C for 1 h. After removing the blocking buffer and washing
buffer, equal volumes of Tx-01 (0 nM, 100 nM, 200 nM, 400 nM,
800 nM, and 1,600 nM) and NICD (1:5,000; ab8925; Abcam)
were added and incubated overnight at 4�C. After removing the
mixture of Tx-01 and NICD and washing buffer, rabbit IgG
(1:10,000; 69610; Jackson ImmunoResearch, 100 mL/well) was
added and incubated at 37�C for 1 h. After removing the rabbit IgG
and washing buffer, the TMB substrate (100 mL/well) was added to
the cells in the dark and incubated for 15 min, and then the absor-
bance at 570–595 nm was detected by an ELISA reader (Sunrise,
TECAN).

Statistical analysis

The prognostic assessment was performed by time-dependent ROC,
Kaplan-Meier survival, and Cox regression analyses (SPSS 26.0 and
GraphPad 5 software) to determine significance differences. Statisti-
cal significance was set at p <0.05. The data were expressed as the
mean ± standard deviation (SD) based on three independent experi-
ments. Statistical differences between means were analyzed using a
paired or unpaired Student’s t test.
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