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Metastasis contributes to the dismal prognosis of bladder cancer (BLCA). The mechani-
cal status of the cell membrane is expected to mirror the ability of cell migration to pro-
mote cancer metastasis. However, the mechanical characteristics and underlying
molecular profile associated with BLCA metastasis remain obscure. To study the unique
cellular architecture and traits associated with cell migration, using a process called
cell-based systematic evolution of ligands by exponential enrichment (cell-SELEX)
we generated an aptamer-based molecular probe, termed spl3c, which identified
cytoskeleton-associated protein 4 (CKAP4). CKAP4 was associated with tumor metas-
tasis in BLCA, but we also found it to be a mechanical regulator of BLCA cells through
the maintenance of a central-to-peripheral gradient of stiffness on the cell membrane.
Notably, such mechanical traits were transportable through exosome-mediated intercel-
lular CKAP4 trafficking, leading to significant enhancement of migration in recipient
cells and, consequently, aggravating metastatic potential in vivo. Taken together, our
study shows the robustness of this aptamer-based molecular tool for biomarker discov-
ery, revealing the dominance of a CKAP4-induced central-to-peripheral gradient of
membrane stiffness that benefits cell migration and delineating the role of exosomes in
mediating mechanical signaling in BLCA metastasis.
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Metastasis generally contributes to a dismal prognosis in BLCA cases. Elucidating how
cells evolve into a metastatic phenotype, e.g., enhanced cell migration, leads to a better
understanding of physical and pathological processes (1, 2). Architectural and mechani-
cal traits, such as geometry, roughness, spreading, viscosity, and stiffness, are known to
significantly affect migration ability (3–5). Since such features delineate how cancer
cells perceive, deform, and adapt to the surrounding tumor microenvironment during
progression, they have received extensive investigative attention (6–8).
Cell stiffness, which is gaining attention as a critical physical index of cellular adhesion

to the extracellular matrix, the status of the cell cortex underneath the cell membrane, and
characteristics of cell cytoskeleton organization, has been reported as an element that posi-
tively correlates with cell migration (8–10). Paradoxically, in some advanced cancer cells
the stiffness has been reported to be lower than that of healthy cells (11–13). Studies have
shown that stiffening benefits the mechanotransduction observed in cell migration and
provides the necessary mechanical strength for cells to break through the rigid surround-
ing barriers, while cell softness allows for the deformation required for cells to work their
way through narrow extracellular gaps during cancer metastasis (14–17). Thus far, no
clear consensus has determined whether optimized stiffness or well-organized integration
of diverse localized stiffness is more beneficial to cancer cell migration (8, 17–19). Nota-
bly, the formation of nano- or meso-scale domains on the cell membrane by clustered
proteins/lipids and the dynamic organization of membrane-proximal F-actin gradient in
the cytoplasm offer some clues regarding the coexistence of diverse surface mechanical
traits involved in cell movement (20–23). Thus, understanding cancer metastasis depends
in large part on knowledge about cell surface mechanotransduction and associated
mechanical traits, such as stiffness, that contribute to cell migration.
Focal adhesion kinase (FAK) and transcription factors YAP/TAZ, as well as their signal-

ing axis, are two key pathways that regulate the response of cells to mechanical changes in
the extracellular matrix (11, 24, 25). The discovery of molecular profiles in the regulation
of cell mechanics will offer a better understanding of how cells interact with their sur-
rounding biological environment (19, 26). In this context, aptamers, which can specifi-
cally bind to their target by forming certain 3-dimensional structures, can act as a superior
molecular tool to investigate the molecular profile of cells (27, 28).
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Accordingly, in this work, we develop an aptamer-based
molecular tool, spl3c, and prove its robustness in biomarker
discovery. We also report cytoskeleton-associated protein 4
(CKAP4) as a regulator of the mechanotransduction process,
promoting the migration of BLCA cells through the mainte-
nance of a central-to-peripheral gradient of stiffness on the cell
membrane. We further show that mechanical traits can be
intercellularly transported by CKAP4-bearing exosomes, lead-
ing to a significant enhancement of migration ability in recipi-
ent cells and aggravating cancer metastasis in vivo. Collectively,
our work provides insights into how cells organize mechanical
cues to drive cell migration and, finally cancer metastasis.

Results

Acquisition of an Aptamer-Based Molecular Tool Targeting
BLCA Cells. To obtain a robust tool to uncover the characteris-
tic molecular profile of BLCA cells, the cell-SELEX (cell
systematic evolution of ligands by exponential enrichment)
technique was used to screen for high-affinity aptamers against
BLCA 5637 cells and normal human uroepithelial SV-HUC-1
cells. As the screening cycle proceeded, evident stepwise fluores-
cence accumulation was observed in the BLCA 5637 cells and
reached maximum in the 13th cycle, indicating the enrichment
of potential aptamer candidates in the screening DNA pool
(Fig. 1A). Hierarchy cluster analysis for the top 20 dominant
sequences, which constitute the majority of DNA sequences, in
the DNA pool of the 13th cycle showed four clustered sub-
groups from which eight representative DNA sequences
(spl1–spl8) were selected as aptamer candidates for further con-
firmation (Fig. 1B and SI Appendix, Fig. S1 and S2). Binding
ability and specificity to the BLCA 5637 cells were evaluated
by flow cytometry and cell imaging, and spl3 showed the best
binding ability and specificity (Fig. 1C and D). Furthermore,
in a broader spectrum of cell lines, spl3 showed the best bind-
ing to the BLCA 5637 and T24 cells, reduced binding to other
adherent cancer cells, and almost no binding to normal human
uroepithelial SV-HUC-1 and leukemia cells (Fig. 1E). In addi-
tion, according to the secondary structure and Gibbs free
energy analysis, spl3 retained both excellent structural diversity
and thermodynamic stability, suggesting its potential to be
an outstanding aptamer-based molecular-level tool for BLCA
investigation (SI Appendix, Fig. S2).
To optimize the aptamer sequence, aptamer truncation was

performed (Fig. 1F). Among all five daughter sequences, spl3c
showed the best binding ability (Fig. 1G and SI Appendix, Fig.
S3), and truncation enhanced the binding affinity from 37.2
nM (spl3) to 21.3 nM (spl3c) (Fig. 1H), which may have
resulted from the removal of superfluous nonfunctional nucleo-
tides. The binding ability of spl3c to various cell lines was at a
similar level as that of spl3 (SI Appendix, Fig. S4). Importantly,
the binding sites of spl3c on the cells were almost the same as
those of spl3, as demonstrated by competition assay (Fig. 1I ).
Both in vivo and ex vivo imaging showed that spl3c accumu-
lated strongly in tumor sites, exhibited good biocompatibility
and excellent stability, and could be internalized into cytosol,
demonstrating its promising potential for tumor targeting and
drug delivery (Fig. 1J and K and SI Appendix, Fig. S5 and S6).

Identification of the Target of spl3c in BLCA Cells. The target
of aptamer spl3c was determined amid the complex composition
of the cell membrane. Proteinase K and trypsin were used to
deplete the proteins on the cell membrane before aptamer bind-
ing. As shown in Fig. 2A, both proteinase K and trypsin

treatment significantly mitigated the binding capacity of spl3c to
the BLCA 5637 cells, suggesting that the target of spl3c might be
a protein on the cell membrane. Then, aptamer-conjugated beads
were used to capture the interacting proteins. As shown in Fig.
2B, two differential bands at 60 and 120 kDa were observed.
Out of all purified proteins, mass spectroscopy (MS) showed that
CKAP4 exhibited both a high score and marked fold change
(Fig. 2C and SI Appendix, Fig. S7). Aptamer pull-down assay fur-
ther indicated that the target of aptamer spl3c was CKAP4 (Fig.
2D). Meanwhile, by down- and up-regulation of the cellular
CKAP4 level, the binding ability of spl3c to the BLCA 5637 cells
decreased or increased, respectively (Fig. 2E–H). Moreover, the
positive association between the spl3c binding ability and
the CKAP4 expression in various cell types further confirmed the
robustness of the spl3c–CKAP4 interaction (Fig. 2I and J and SI
Appendix, Fig. S4). To elucidate the binding sites and interacting
modes between spl3c and CKAP4, molecular docking was per-
formed based on software Rosetta (Fig. 2K and L and SI
Appendix, Fig. S8). Specifically, the binding between CKAP4 and
spl3c was maintained by the formation of polar interactions, such
as salt bridge and hydrogen bonds, as well as some hydrophobic
contracts at the interface (SI Appendix, Table S1). Energy analysis
also suggested the superior binding ability of truncated spl3c over
spl3, the binding energy of which was reduced from �26.1 kcal/
mol to �31.9 kcal/mol. To verify the direct interaction between
CKAP4 and spl3c, an enzyme-linked oligonucleotide assay
with whole-length CKAP4 (CKAP4WT) and its extracellular-
region depleted mutant (CKAP4Δ130–602) was performed (SI
Appendix, Fig. S9B); spl3c was able to bind to the CKAP4WT at
both 2 and 1 lg/mL, with a constant of 19.6 ± 2.8 and 30.9 ±
6.4 nM, respectively, similar to that in the BLCA 5637 cells (21.
3 ± 6.6 nM, Fig. 1H). However, in the control group
(CKAP4Δ130–602), no evident binding of spl3c to CKAP4 was
observed. Altogether, through an aptamer-based target discovery
strategy, a molecular signature, CKAP4, was finally identified in
BLCA cells.

High Expression of CKAP4 Is Associated with Malignancy of
BLCA. To assess the significance of CKAP4 in BLCA malig-
nancy, we first evaluated the CKAP4 gene alternation fre-
quency, expression, and contribution to overall survival from
open-access databases. Data showed that the gene alteration of
CKAP4 in BLCA was relatively high, and amplification took
up a major portion (Fig. 3A). The expression of CKAP4 was
significantly higher in BLCA samples than in normal tissue
samples (Fig. 3B). Moreover, the high level of CKAP4 in
BLCA cells generally led to a worse overall survival (Fig. 3C ).
In pan-cancers, the elevated level of CKAP4 also showed worse
overall survival and progression (SI Appendix, Fig. S10A–C ).

To further verify the clinical significance of CKAP4 in BLCA,
we evaluated the association between CKAP4 expression and the
clinicopathologic characteristics of BLCA patients through immu-
nohistochemical (IHC) analysis in a tissue microarray that inclu-
ded 176 BLCA and 16 noncancerous adjacent bladder tissues (SI
Appendix, Table S2). As shown in Fig. 3D–H, CKAP4 expression
was up-regulated in 165 out of 176 BLCA cases (positive rate =
93.75%) and was significantly associated with cancer stages and
tumor–node–metastasis. Furthermore, as the gene sets analysis
showed in Fig. 3I and J and SI Appendix, Fig. S10D, CKAP4
appeared to be highly associated with protein secretion and BLCA
migration, which might imply the role of CKAP4 in BLCA
metastasis. Collectively, these data indicate that up-regulated
CKAP4 has a remarkable correlation with BLCA malignancy and
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that it may act as a potential biomarker in BLCA for progression
and metastasis.

CKAP4 Orchestrates the Central-Peripheral Gradient of Stiffness
on the Cell Surface. CKAP4 is one of the cytoskeleton-associated
proteins and is highly relevant with cell membrane and organelles

such as the endoplasmic reticulum and the nucleus; however,
how cell physical traits, such as cell stiffness, are regulated by
CKAP4 remains unclear. To elucidate the effect of CKAP4 on
cell mechanics, atomic force microscopy (AFM) was used to mea-
sure surface stiffness. As illustrated in Fig. 4A and B, when a force
is applied on the cell, a soft surface is subjected to larger

Fig. 1. Screening of an aptamer specifically targeting BLCA cells. (A) Flow cytometry to monitor the enrichment of the aptamer in the DNA pool. Binding of
the DNA pool at the 5th, 8th, 11th, 13th, and 14th cycles are labeled as gray, orange, green, blue and red, respectively. (B) Hierarchy cluster analysis of the
top 20 sequences in the 13th cycle DNA pool. A, T, C, and G are indicated as red, blue, pink, and yellow, respectively. (C) Flow cytometry results of aptamer
candidates spl1–spl8 and library sequences to BLCA 5637 cells. (D) Binding specificity of spl3 to BLCA 5637 and SV-HUC-1 cells by confocal microscopy. (Scale
bar: 20 lm.) (E) Binding ability of spl3 to an array of cell lines. Row 1: urinary tract cell lines; rows 2 and 3: adherent cancer cell lines; row 4: leukemia cells.
(F) Scheme of aptamer truncation. (G) Binding ability of truncated daughter aptamers of spl3 to BLCA 5637 cells by flow cytometry. (H) The dissociation cons-
tant (Kd) of spl3 (dashed line, red) and spl3c (solid line, blue) to BLCA 5637 cells. (I) Competition assay of spl3 and spl3c to BLCA 5637 cells. The concentration
of spl3c was 250 nM, and those of spl3 and library were 2.5 lM. ( J ) In vivo binding of aptamer spl3c to BLCA 5637 cell-derived tumor. (K ) Accumulation of
aptamer spl3c in mouse organs.

PNAS 2022 Vol. 119 No. 16 e2110500119 https://doi.org/10.1073/pnas.2110500119 3 of 11



indentation, which leads to a steep slope in the force curve, while
a stiff surface leads to less indentation with a relatively smooth
slope. To clearly display the cell stiffness, a projection on the XY

plane is shown (Fig. 4C); the surface stiffness landscapes of the
cells were highly associated with the level of CKAP4. When
CKAP4 was highly expressed, the cell stiffness landscapes

Fig. 2. Identification of aptamer spl3c-binding target on BLCA cells. (A) Identification of target type through cell membrane protein cleavage by trypsin and
proteinase K. (B) Coomassie blue–stained SDS-PAGE was used to analyze aptamer-assisted target purification. The differential bands are indicated with black
arrows. Beads refer to the naked beads, used as control. (C) Identification of the target of aptamer spl3c by MS score and fold change analysis. (D) Aptamer
pull-down assay. Samples 1, 2, and 3 are the proteins pulled down by naked beads, DNA library–conjugated beads, and aptamer spl3c–conjugated beads,
respectively. Samples were stained with a CKAP4 antibody. (E ) Knockdown of CKAP4 in BLCA 5637 cells. (Upper) The CKAP4 level, as determined by Western
blot, and (Lower) the corresponding quantification. NC, negative control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (F ) The binding of spl3c to
CKAP4-depleted cells. NC, shCKAP4 1 and shCKAP4 2 were marked as blue, red and gray, respectively. (G) Overexpression of CKAP4 in 5637 cells. (Upper)
The CKAP4 level, as determined by Western blot, and (Lower) the corresponding quantification. (H) Binding of spl3c to the CKAP4-up-regulated cells where
vector and overexpression are marked as light blue and green, respectively. (I) CKAP4 expression level in various cell lines. Data were acquired by Western
blot. (J ) Correlation of spl3c binding level and CKAP4 level in various cancer cells. (K ) Simulation of binding modes between spl3c and CKAP4. (L) Simulated
binding sites between spl3c and CKAP4. Three representative binding sites were enlarged and are marked as 1, 2, and 3.

4 of 11 https://doi.org/10.1073/pnas.2110500119 pnas.org



Fig. 3. The high expression of CKAP4 is associated with BLCA malignancy. (A) CKAP4 gene alteration frequency in pan-cancers from cBioPortal database. At
least 200 cases were included in each type of cancer. UCS, uterine carcinosarcoma; SKCM, skin cutaneous melanoma; LUAD, lung adenocarcinoma; BLCA,
bladder cancer; PRAD, prostate adenocarcinoma; OV, ovarian serous cystadenocarcinoma; LUSC, lung squamous cell carcinoma; LAML, acute myeloid Leuke-
mia; GBM, glioblastoma multiforme; COAD, colon adenocarcinoma; HNSC, head and neck squamous cell carcinoma; KIRP, kidney renal papillary cell carci-
noma; BIDC, breast invasive ductal carcinoma; BILC, breast invasive lobular carcinoma; LIHC, liver hepatocellular carcinoma; KIRC, kidney renal clear cell car-
cinoma. (B) CKAP4 expression level in BLCA (404 cases) and NT (28 cases) from the Gepia2 database (mean ± SEM, **P < 0.01, followed by unpaired
Student’s t test). NT, normal tissue. (C ) Kaplan-Meier curve in BLCA patients with different levels of CKAP4 from the Timer2.0 database, from which follow-up
extended up to 100 mo with a split expression percentage of 15%. P < 0.01 was calculated by unpaired Student’s t test. (D) Representative IHC staining
images of CKAP4 level in NT and NMIBC, MIBC, T2 non-lymph-node metastasis (N�), and lymph node metastasis (N+) tissues. (Scale bar: 100 lm.) MIBC, mus-
cle invasive bladder cancer; NMIBC, nonmuscle invasive bladder cancer. (E) Number of CKAP4 up-regulated tumor samples compared with those of NT. If
the score of the tumor tissue was higher than that of normal tissues, then it was defined as T > NT; otherwise the score was defined as T ≤ NT. NT, normal
tissue; T, tumor tissue. (F ) CKAP4 level in BLCA samples of NMIBC and MIBC (mean ± SEM, *P < 0.05; unpaired Student’s t test). (G) CKAP4 level in nonmeta-
static (N0) and metastatic (N1–N2) BLCA in stage T2 (mean ± SEM, *P < 0.01; unpaired Student’s t test). (H) Forest plot shows the differential CKAP4 expres-
sion level. FC, fold change. (I) Association of CKAP4 level with hallmark protein secretion from GSEA database (P = 8.6 × 109; Pearson correlation test).
( J ) Association of CKAP4 level with hallmark migration from GSEA database (P = 6.7 × 1016; Pearson correlation test).
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showed a central soft and peripheral stiff pattern; this physical
trait was mitigated by CKAP4 depletion but enhanced by
CKAP4 overexpression. As a result, a sharp stiffness gradient
on the cell surface was sculpted: in the case of the BLCA 5637
shNC (short hairpin RNA for negative control) cells, the stiff-
ness gradient across the cells was 0.68 ± 0.17 kPa/lm, while in
the CKAP4-depleted or CKAP4-overexpressed BLCA 5637
cells, the stiffness gradient across the cells was 0.22 ± 0.08

kPa/lm or 0.85 ± 0.15 kPa/lm, respectively (Fig. 4C–E). Sim-
ilar gradients are also observed in projections on the XZ and
YZ planes (SI Appendix, Fig. S11). To clarify the effects of sub-
strate stiffness, the glass substrate was manipulated by coating
it with a series of polyacrylamide gels. As seen in SI Appendix,
Fig. S12, despite the substrate stiffness being remolded into dif-
ferent levels, the stiffness gradients of the cells were not altered
significantly, further supporting the direct effect of CKAP4. In

Fig. 4. CKAP4 orchestrates the central-peripheral gradient of cell stiffness. (A) Scheme represents the measurement of cell surface stiffness by AFM.
(B) Force curves from AFM show the typical mechanical features of soft or stiff cell sample. (C) Height (Upper) and surface stiffness (Lower) of BLCA 5637
shNC, shCKAP4, and CKAP4 overexpressing (OE) cells. (Scale bar: 10 lm.) (D) Surface stiffness of BLCA 5637 shNC, shCKAP4, and CKAP4 OE cells across the
indicated line in C. (E) Stiffness gradient of BLCA 5637 shNC, shCKAP4, and CKAP4 OE cells (mean ± SEM, n > 10 cells, **P < 0.01; ****P < 0.0001; unpaired
Student’s t test). (F ) Surface height of BLCA 5637 shNC, shCKAP4, and CKAP4 OE cells across the indicated line in C. (G) CKAP4 expression level and F-actin in
BLCA 5637 shNC, shCKAP4, and CKAP4 OE cells. CKAP4 was evaluated by antibody, and the nuclei were stained with Hoechst. (Scale bar: 20 lm.) (H) Quantifi-
cation of lammellipodia of cells (mean ± SEM, n > 20 cells, ****P < 0.0001; unpaired Student’s t test).
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addition, with a high expression of CKAP4, cells appeared to
be a stretched phenotype with a relatively smooth curvature
and the formation of lamellipodia (a typical phenotype for cell
migration) (Fig. 4F–H ). Such cells showed a wider spreading
area and a more flattened morphology than CKAP4-depleted
cells (SI Appendix, Fig. S13). Together, our observations in this
part identified CKAP4 as a regulator of the architectural and
mechanical features of cells.

CKAP4-Bearing Exosomes Intercellularly Transfer the Mechanical
Traits of Cells. Exosomes are involved in the regulation of vari-
ous cell behaviors, and the association of CKAP4 with secretion
indicated in Fig. 3I suggested the possible existence of CKAP4
on exosomes (29). Whether the above-mentioned mechanical
traits of cells can be transferred between BLCA cells via exo-
somes is an issue of interest and yet is largely unknown. In our
study, we first isolated exosomes from BLCA 5637 (both shNC
and shCKAP4 (short hairpin RNA for CKAP4)) and SV-
HUC-1 cells and verified the expression of CKAP4 on exo-
somes (Fig. 5A–C and SI Appendix, Fig. S14) (30). Our data
showed that CKAP4 was expressed in both BLCA 5637 cells
and BLCA 5637–derived exosomes, and the depletion or low
expression level of cellular CKAP4 led to a low level of exoso-
mal CKAP4. Even in exosomes isolated from the urine of
BLCA patients but not from that of healthy donors, CKAP4
showed high expression, further emphasizing the significance of
exosomal CKAP4 in BLCA (SI Appendix, Fig. S15). The differ-
ential CKAP4 expression in exosomes showed no obvious influ-
ence on the physical properties of exosomes, such as size, shape,
and surface charge, as well as their vesicle biology, such as secre-
tion and uptake (SI Appendix, Fig. S16 and S17). When both
the BLCA 5637 and SV-HUC-1 cells were cocultured with
BLCA 5637 exosomes instead of up-regulated by exosomal
contents, the exosomal CKAP4 could be effectively transported
into these cells and allocated to both cytosol and the cell mem-
brane (Fig. 5D–G and SI Appendix, Fig. S18 and S19). Conse-
quently, the central stiffness of both 5637 and SV-HUC-1 cells
significantly decreased and the peripheral stiffness underwent a
slight increase, leading to an even sharper stiffness gradient on
the cell surface (Fig. 5H–L). The effect of exosomal CKAP4 on
cell stiffness was similar to what was observed in cells that
underwent CKAP4 overexpression. Notably, the induced gradi-
ent of stiffness in the SV-HUC-1 cells was even sharper than
that in the BLCA 5637 cells, potentially resulting from an even
more marked increase of the cellular CKAP4 level through exo-
somal CKAP4 shuttling. These findings showed that CKAP4
served as a master mechanical regulator by orchestrating
the surface stiffness gradient, and such mechanical traits could
be transported through the intercellular shuttling of exoso-
mal CKAP4.

CKAP4, as a Master Mechanical Regulator, Promotes Cell
Migration, Which Is Enhanced by Exosome Shuttling. Having
established CKAP4 as a regulator of central-peripheral gradient of
cell stiffness, we next asked how such effects would influence cell
behavior. First, we examined the effects on cell proliferation but
observed no evident effects (SI Appendix, Fig. S20). Instead, cells
exhibited active motility in the presence of CKAP4 (with a veloc-
ity of ∼20 lm/h), whereas upon CKAP4 depletion, cell motility
was significantly mitigated (only ∼5 lm/h) to a level similar to
that of noncancerous SV-HUC-1 cells, which was in line with
the lamellipodia formation observed in Fig. 4G. Upon the inter-
nalization of CKAP4-harboring exosomes, the cell motility of all
three cell types was increased, but such effects were not evident

upon the internalization of CKAP4-depleted exosomes (Fig.
6A–C). To further clarify the direct association between the stiff-
ness gradient and cell migration, the stiffness gradient of cells was
manipulated with a hypo- or hyperosmotic solution, and the cell
migration was tracked accordingly. Consistently, the elevation of
the stiffness gradient enhanced cell migration, and vice versa (SI
Appendix, Fig. S21). Apart from single-cell migration, the pres-
ence of CKAP4 also influenced collective cell migration. As
shown in Fig. 6D, the BLCA 5637 cells showed a rapid healing
rate of the wound gap while upon CKAP4 depletion, the healing
rate was mitigated significantly. After the internalization of
CKAP4-bearing exosomes but not CKAP4-depleted exosomes,
the migration rate was boosted (Fig. 6E). Moreover, the transmi-
gration ability of the BLCA 5637 cells was significantly higher
than that of the CKAP4-depleted cells, and after the internaliza-
tion of CKAP4-bearing but not CKAP4-depleted exosomes, the
transmigration ability of cells was enhanced in both the shNC
and shCKAP4 groups (Fig. 6F and G ). The effect of CKAP4 in
promoting cell migration was also supported by the formation of
lamellipodia and the enhanced cell adhesion (Fig. 4G and SI
Appendix, Fig. S22 and S23).

Metastasis of BLCA Cells Is Promoted by Cellular and Exosomal
CKAP4. To investigate the potential of CKAP4 in driving
BLCA metastasis, we established a tail vein injection metastasis
model. As illustrated in Fig. 7A, 5 × 106 BLCA 5637 shNC and
shCKAP4 cells were respectively injected into mice from the tail
vein. Eight weeks later, mice were killed and dissected for meta-
static analysis. With hematoxylin and eosin (H&E),
Ki-67, and CKAP4 staining, marked tumor nodules were visible
in both the liver and lung of mice in the shNC group (panel i),
while upon CKAP4 depletion, almost no metastatic nodules were
shown (panel ii) (Fig. 7C and SI Appendix, Fig. S24A). To fur-
ther uncover the role of exosomal CKAP4 in BLCA metastasis,
cells were first pretreated with exosomes for 12 h, injected in
mice from the tail vein, and then further treated with exosomes
every 2 wk from the fourth week (Fig. 7A). the detailed informa-
tion about cell and exosome treatment in the different groups is
shown in Fig. 7B. Our data demonstrated that CKAP4-bearing
exosomes significantly enhanced the metastasis of BLCA cells in
both shNC and shCKAP4 groups (panel iii–iv), while CKAP4-
depleted exosomes showed no such effects (panel v–vi) (Fig.
7C–F and SI Appendix, Fig. S24A–D). As shown in Fig. 7D and
SI Appendix, Fig. S24B, the metastatic potential of BLCA cells
was increased approximately twofold upon the treatment with
CKAP4-harboring exosomes, while CKAP4-depleted exosomes
showed almost no effect on BLCA metastasis. Considering the
long duration in the metastasis of BLCA cells, the maintenance
of phenotypes after exosome treatment was tracked over time (SI
Appendix, Fig. S25). Our results showed that cell division played
a major role in exosomal CKAP4-induced cancerous phenotype
changes; therefore, in metastatic events, exosomal CKAP4 would
exert durable effects until cell division after settlement in organs.
Taken together, our results offered in vivo insight into cellular
and exosomal CKAP4 as drivers of BLCA metastasis.

Discussion

In this work, we develop an aptamer-based molecular tool, spl3c,
that can recognize its target CKAP4 protein overexpressed on
BLCA cells. The robust interaction of spl3c and CKAP4 high-
lights the promising potential of aptamer-based biomarker discov-
ery. Considering its specificity to BLCA cells and BLCA-derived
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Fig. 5. Exosomal CKAP4 enhances the central-peripheral gradient of cell stiffness. (A) CKAP4 level in BLCA 5637 shNC, SV-HUC-1 cells, and shCKAP4.
(B) CKAP4 level in BLCA 5637 shNC-, SV-HUC-1-, and shCKAP4-derived exosomes. CD81 and ALIX were used as biomarkers of the exosomes. (C ) Transmission
electron microscopy (TEM) images of exosomes isolated from BLCA 5637 shNC and shCKAP4 cells (Upper); labeling of BLCA 5637 shNC and shCKAP4
exosomes with spl3c-conjugated 5 nM gold nanoparticles (Lower). (Scale bar: 100 nM.) (D) CKAP4 level of cells treated with or without BLCA 5637 shNC
exosomes by Western blot. (E ) Surface CKAP4 level of BLCA 5637 and SV-HUC-1 cells treated with or without BLCA 5637 shNC exosomes is identified with
FITC-labeled spl3c using fluorescence correlation spectroscopy. (F ) Fluorescence level of BLCA 5637 and SV-HUC-1 cells after treatment with 5637 exosomes
(nFL-Exo) or GFP-CKAP4-expressing 5637 exosomes (FL-Exo) using confocal microscopy. (Scale bar: 20 lm.) GFP, green fluorescent protein. (G) Fluorescence
level of 5637 and SV-HUC-1 cells after treated with nFL-Exo or FL-Exo by flow cytometry. (H ) Surface stiffness of BLCA 5637 cells (Upper) and SV-HUC-1 cells
(Lower) treated with or without exosomes. Representative images are shown. (Scale bar: 10 lm.) (I and J) Surface stiffness of BLCA 5637 (I) and SV-HUC-1
( J ) cells across the indicated line in H. (K and L) Stiffness gradient of BLCA 5637 (K ) and SV-HUC-1 (L) cells (mean ± SEM; n > 10 cells; ns, not significant;
*P < 0.05; ****P < 0.0001; unpaired Student’s t test).
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exosomes, spl3c has the potential to be developed for noninvasive
BLCA diagnostics and therapies in clinics.
CKAP4 is known as a plasma membrane receptor and intracel-

lular regulator in both normal cells and cancer cells (31–34), yet
its role in cell mechanics is rarely investigated. In this work, our
results demonstrate the effect of CKAP4 in maintaining a

favorable mechanical phenotype—that is, a sharp stiffness gradient
on the cell surface—thereby promoting the motility, migration,
and metastasis of BLCA cells. Importantly, our work adds more
in-depth insights on the paradox that either stiffening or softening
aggravates cancer malignancy (24, 35, 36): instead of regional stiff-
ening or softening of the cell, the CKAP4-induced surface stiffness

Fig. 6. Cell motility and cell migration are promoted by cellular and exosomal CKAP4. (A) Single-cell motility of 5637 NC, 5637 shCKAP4 cells, and SV-HUC-1 cells,
as well as the influence of the CKAP4-harboring and CKAP4-depleted 5637 exosomes. Each circle-shaped contour represents the movement of a cell in 10 min.
(Scale bar: 20 lm.) (B) Trajectory trace analysis of 5637 NC, 5637 shCKAP4 cells, and SV-HUC-1 cells, as well as the influence of CKAP4-harboring and CKAP4-
depleted 5637 exosomes. (C ) Motility of cells measured in the time scale of 1h (mean ± SEM; n > 30 cells; ns, not significant; **P < 0.01, ****P < 0.0001;
unpaired Student’s t test). (D and E ) Wound healing assay of 5637 NC and shCKAP4 cells, as well as the effect of CKAP4-bearing and CKAP4-depleted 5637
exosomes (mean ± SEM, n = 3 independent experiments, *P < 0.05; unpaired Student’s t test). (F and G) Trans-well assay of 5637 NC and shCKAP4 cells, as well
as the effect of CKAP4-bearing and CKAP4-depleted 5637 exosomes (mean ± SEM, n = 3 independent experiments, ***P < 0.001; unpaired Student’s t test).
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gradient plays a more dominant role in cancer metastasis. Interest-
ingly, due to the expression of CKAP4 on exosomes, the mechani-
cal traits can also be intercellularly transported through exosomal
CKAP4 shuttling; therefore, our study identifies an exosome-
based pathway of the transportation of cell mechanics.

In conclusion, our work suggests the advantages of the
aptamer-based target discovery strategy in a molecular-profile
exploration of cancer cells, highlights the significance of the
central-peripheral gradient of stiffness in cancer malignancy, and
validates a pathway of the transportation of cell mechanical traits.

Fig. 7. CKAP4 promotes the metastasis of BLCA cells. (A) Time schedule of intravenous injection of cells (I) and exosomal pretreated cells (II) into mice and
subsequent analysis at 8 wk postinjection. (B) Cellular data for intravenous injection in mice. Groups i and ii were not treated with exosomes; groups iii–vi
were pretreated with 5637 shNC or shCKAP4 exosomes. (C) The liver metastasis of cells in B was determined by H&E, Ki-67, and CKAP4 staining. Representa-
tive images of three independent experiments are shown. (Scale bar: 1 mm.) (D) The average number of liver metastatic nodules. (E ) The Ki-67 score of liver
metastatic nodules. (F ) The CKAP4 score of liver metastatic nodules (mean ± SEM, n = 3 independent experiments, *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; unpaired Student’s t test). (D–F) blue and red bars represent BLCA 5637 shNC and shCKAP4 cells, respectively; black grids refer to BLCA
5637 cells pre-treated with BLCA 5637 shNC and shCKAP4 exosomes, respectively; and white grids refer to BLCA 5637 shCKAP4 cells pretreated with BLCA
5637 shNC and shCKAP4 exosomes, respectively.

10 of 11 https://doi.org/10.1073/pnas.2110500119 pnas.org



Materials and Methods

A more detailed description of all materials and methods is given in the SI Appendix.

Cell-SELEX Procedures. The Cell-SELEX process against BLCA 5637 cells and nor-
mal bladder epithelial SV-HUC-1 cells was performed as previously reported (27, 28),
based on confocal microscopy and flow cytometry (details in SI Appendix, Methods).

Identification of Aptamer Target. The aptamer target from cell lysates was
pulled down by spl3c-conjugated beads and identified by MS (details in SI
Appendix, Methods).

Cellular Young’s Modulus Measurement. The force spectra were mapped
with a DNP-10 probe (0.06 N/m) using a JPK Nanowizard 4 atomic force spectro-
scope, the spring constant and sensitivity of the cantilever were calibrated by
thermal noise signals in contact mode, and cells were observed with an Olympus
confocal microscope in bright-field. A Hertz model was chosen for the fitting
of the force curve using JPKSPM data processing software (details in SI
Appendix, Methods).

IHC. IHC was performed on formaldehyde-fixed and paraffin-embedded tissue
sections, which were stained with H&E, Ki-67, and CKAP4 antibody. Images were
taken with a DIM6000 (Leica) microscope. Images were analyzed with Image J
and CaseViewer software (details in SI Appendix, Methods).

Data Availability. All study data are included in the article and/or SI Appendix.
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