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a b s t r a c t

Heterodimerization of receptor tyrosine kinases (RTKs) plays unique roles in cell signaling and functions.

However, engineering heterodimerization of multiple receptors remains largely unexplored. Herein, we

developed an aptamer-based DNA Nano-windmill (TA3) to regulate heterodimerization of three different

RTK families, simultaneously activating fibroblast growth factor receptor 1 (FGFR1), hepatocyte growth

factor receptor (Met) and epidermal growth factor receptor (EGFR) signaling. It is the first DNA Nano-

windmill that activates heterodimerization of FGFR1, Met and EGFR, leading to the down-stream signals

transduction, such as the phosphorylation of protein kinase B (Akt) and extracellular regulated protein ki-

nases (Erk), inducing the cell migration and proliferation. We further designed transformable DNA Nano-

windmill (TMA) that can convert DNA Nano-windmill into DNA Nano-kite using complementary strands

or small molecules to reduce the activation of specific receptor. We believe that the DNA Nano-windmill

for heterodimerization of different RTK families have potential applications in biomedicine fields.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Receptor tyrosine kinase (RTKs) is closely related to cell motil-

ity, growth, differentiation as well as survival. RTKs are a class

of important transmembrane signaling proteins that play a key

role in physiological and pathological conditions by regulating

processes such as cell proliferation, differentiation, survival, and

metabolism [1–3]. Generally, RTKs receptor is activated by spe-

cific ligands (growth factors, cytokines, hormones, etc.), which

promotes homodimerization and then autophosphorylation [3–5].

Epidermal growth factor receptor (EGFR) are widely expressed in

epithelial cells of the epidermis, respiratory tract, and gastroin-

testinal tract, where they regulate barrier function and tissue

repair [6]. Fibroblast growth factor receptor (FGFR) are highly

expressed in osteoblasts, chondrocytes, and mesenchymal stem

cells, they regulate bone development [7]. Hepatocyte growth fac-

tor receptor (Met) is widely expressed in hepatocytes, fibroblasts,

and mesenchymal stem cells, where it mediates liver regeneration

and metabolic regulation hepatic growth factor (HGF)/Met is a

key signaling pathway for liver regeneration) and regulates cell
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migration and tissue remodeling [8]. The challenges of current

RTK receptor activation methods mainly include ligand stability

and difficulty in artificial ligand design. Native ligands (such as

HGF and epidermal growth factor (EGF)) are prone to proteolytic

degradation, requiring frequent replenishment in vitro exper-

iments. Developing high-specificity synthetic ligands (such as

antibodies or small-molecule agonists) requires precise matching

of the receptor conformation, which is technically demanding. RTK

interactions are very complicated, which can interact indepen-

dently of ligands and heterodimerize between RTKs from different

subfamilies. Therefore, exploring the heterogeneous interactions of

RTKs contributes to a better understanding of fundamental RTK

signaling processes in health and disease.

Heterodimerization is a common phenomenon among RTK re-

ceptors, and the activity of human epidermal growth factor recep-

tor 2 (ErbB2) appears to primarily depend on EGFR−ErbB2 het-

erodimers through EGF [9]. Indeed, heterodimerization between

RTK receptors lead to phosphorylation of different RTK receptors,

which can alter their signal strength as well as duration and medi-

ate different biological responses [10,11]. For example, in myeloid

cells, activation of the EGFR−ErbB2 and EGFR−ErbB3 heterodimeric

receptor can prolong the signal compared with EGFR homodimers

[12]. In hematopoietic cells, ErbB3−ErbB2 heterodimer receptors
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are able to control the formation and spreading of PI3 kinase-

dependent lamellipodia [13]. Therefore, the development of RTK

heterodimerization agonists has important implications in biomed-

ical fields. Currently, our group has developed a DNA agonist for

the activation of heterodimeric RTK receptors based on the bivalent

aptamers [38]. Moreover, many growth factors can activate three

receptors at the same time through heterodimerization, such as

FGF23 promotes the heterodimerization of FGFR1c and FGFR3c or

FGFR1c and FGFR4 while neu differentiation factor (NDF) promotes

ErbB2−ErbB3 and ErbB2−ErbB4 heterodimers [14,15]. Developing a

novel agonist which activate three receptors by heterodimeric RTK

receptors is still unexplored.

Deoxyribonucleic acids (DNAs) have been widely used in var-

ious nano-devices to perform unique tasks such as detection,

sensing, regulation and computation due to its unique Watson-

Crick base pairing rules, sequence controllability, predictable struc-

ture and self-assembly programmability [16–28]. Among these, ap-

tamers can specifically bind small molecules or proteins and play

an important role in DNA nanodevices [29–35]. Based on aptamers

that specifically bind the receptor, we and others have been con-

structed several novel DNA agonists to activate RTK receptors by

homodimerization or heterodimerization [36–39]. We propose to

utilize aptamers as building blocks to construct a novel control-

lable Nano-windmill for the activation of 3 different families RTK

receptors by heterodimerization.

Herein, we developed a universal method to construct novel

DNA Nano-windmill for the activation of 3 different RTK receptor

families by heterodimerization. FGFR1, Met and EGFR of 3 differ-

ent RTKs respond to fibroblast growth factor (FGF), HGF and EGF

respectively, and play important role in the activation of protein

kinase B (Akt) and extracellular regulated protein kinases (Erk)

signaling pathways, which are closely related to cell migration

and proliferation [36,37,40,41]. Our work reported a DNA agonist

(DNA Nano-windmill) achieved the simultaneously activation of

FGFR1, Met and EGFR signaling by the heterodimerization (Fig. 1).

Furthermore, the activation of specific receptors by DNA Nano-

windmill was selectively inhibited by complementary strands or

small molecules. We believe that the DNA Nano-windmill will have

broad applicability in cell therapy and regenerative medicine.

The DNA Nano-windmill consists of an oligonucleotide back-

bone (TL) as the scaffold and three different aptamers hooking

on the extracellular region of FGFR1, Met and EGFR as “capture

toes”, respectively (Fig. 1) [36,37,39]. The structure diagram of

the DNA Nano-windmill was showed in Fig. S1 (Supporting infor-

mation). The DNA Nano-windmill was named as TA3. The novel

DNA Nano-windmill can regulate the activation of FGFR1, Met and

EGFR by heterodimerization, following by the activation of the Akt

and Erk signal pathway, thereby inducing the cell migration and

proliferation.

Fig. 1. Schematic representation of a DNA Nano-windmill induced FGFR1, Met and

EGFR activation to regulate downstream signaling pathways and cellular behavior.

Fig. 2. Proof of concept and activation effect of the DNA Nano-windmill (TA3). (a)

The scheme of fluorescence chain reaction. After TLM-S and TLE-S was added, it will

form a double chain with TLM-C and TLE-C. TFR’s toehold will be exposed with the

departure of the TLM-C and TLE-C, which in turn will form a double chain with

the TM-F or TE-T, resulting in the separation of the M-B1 or E-B2 and the fluo-

rescence recovery of TM-F or TE-T. (b) Confocal laser scanning microscope (CLSM)

images of chain reaction. The A549 cells were incubated with 300nmol/L TFR, TMR

and TER with or without TLM-S and TLE-S (300nmol/L). Red channel: TAMRA ex-

citation 560nm/emission 582nm. Green channel: FAM excitation 494nm/emission

518nm. Scale bar: 20 μm. (c) Schematic illustration of DNA Nano-windmill TA3 in-

duced protein-pairing on the cell membrane. (d) Western blot analysis of p-EGFR, p-

Met and p-FGFR1 expression in A549 cells with different concentration DNA Nano-

windmill TA3 treatment. The glyceraldehyde 3 phosphate dehydrogenase (GAPDH)

was used as an internal reference.

As a proof of concept, we first dynamically assembled the pre-

cursors of DNA Nano-windmill (TFM-F and TFE-T) on the cell mem-

brane (Fig. 2a, Figs. S2 and S3 in Supporting information). The

strands TM-F and TE-T with receptor binding activity were both

blocked by a complementary strand M-B1 and E-B2 to prevent

hybridization with DNA Nano-windmill, called TMR and TER, re-

spectively. Initially, DNA Nano-windmill is anchored to the FGFR1

receptor (TFR) on the cell membrane by TF, and TMR and TER

bind to the Met and EGFR receptors, respectively. After adding

initiate strand TLM-S or TLE-S, the TMR and TER could interac-

tion with TFR through toehold-mediated strand displacement re-

action, which could construct the agonist TFM-F or TFE-T and acti-

vate the FGFR1-Met or FGFR1-EGFR heterodimerization. As shown

in a fluorescence analysis, with the formation of TFM-F or TFE-T,

the quenched FAM and TAMRA fluorescence significantly recovered

(Fig. 2b). These results indicated that the agonist TFM-F or TFE-T

could successfully assembling and hooking on the FGFR1-Met or

FGFR1-EGFR.
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Next, we assembled DNA Nano-windmill (TA3) in vitro using TF,

TM, TE and TL for regulating FGFR1, Met and EGFR signaling. Gel

analysis indicated that the desired DNA agonist was successfully

assembled (Fig. S4a in Supporting information). The strand TLTB

tagged with TAMRA (5′) and BHQ2 (3′) was designed to form TA3-

F instead of TL (Fig. S4b in Supporting information). The fluores-

cence of TA3-F was almost eliminated compared with unassem-

bled TA3-F (Figs. S4b and c in Supporting information), suggest-

ing that TA3 forms the expected Nano-windmill structure. After

anchoring FGFR1, Met, and EGFR, the agonist TA3 would induce

proximity of receptor for cross-phosphorylation. The Met signaling

was activated through TA3 within 10min (Fig. S5 in Supporting in-

formation). Indeed, TA3 increased the FGFR1, Met and EGFR phos-

phorylation levels of A549 cells, with an effective dose as low as

10nmol/L (Figs. 2c and d). Together, we have developed a novel

Nano-windmill that simultaneously activates FGFR1, Met and EGFR

signaling.

Next, we evaluated the effects of multi-receptor heterodimeric

activation on downstream key regulators Erk and Akt in cell

motility and proliferation (Fig. 3a). A significant increase in p-

Erk and p-Akt expression was observed in A549 cells treated

with TA3 in 10min (Fig. S6 in Supporting information). Com-

pared with 10nmol/L TA3 treatment, the p-Erk and p-Akt expres-

sion remarkably decreased after increasing TA3 concentration to

200nmol/L in A549 cells (Fig. 3b), probably due to the high con-

centration of TA3 binding to a single receptor reducing the prob-

ability of heterodimerization. Finally, we confirmed that the DNA

Nano-windmill (TA3) could enhance motility and proliferation of

A549 cells. TA3-promoted cell proliferation increased 1.2X than un-

treated cells in 24h (Fig. 3c). The cell proliferation curve of A549

cells treated with TA3 (100nmol/L) for 24h was shown in Fig. S7

(Supporting information). Using the scratch wound assay to mimic

wound healing in vitro, we investigated the effect of TA3 activation

on wound-closure events. In the presence of TA3, the cell motil-

ity rate of A549 cells was obviously increased 2.9X compared with

untreated group (Fig. 3d and Fig. S8 in Supporting information).

The scratch widths of A549 cells treated with TA3 (100nmol/L) for

24h at different times were shown in Figs. S9 and S10 (Support-

Fig. 3. The effects of DNA Nano-windmill (TA3) activation on downstream key reg-

ulators Erk and Akt in cell motility and proliferation. (a) Schematic representation

of signaling pathways with TA3. (b) Western blot analysis of p-Akt and p-Erk ex-

pression in A549 cells with different concentration TA3 treatment. (c) Viability of

TA3 treated with different concentration for 24h. Mean ± standard deviation (three

technical replicates, n=5). P values were calculated using t tests on the averages

of replicates. (d) Cell mobility regulated by TA3 in A549 cells was determined by

wound healing assay. The images were taken at 0 and 24h. The yellow lines indi-

cate boundaries between cells in the monolayer and the scratched areas uncovered

by cells. Scale bar: 200μm.

ing information). As shown in Fig. S11 (Supporting information),

occludin, zonula occludens protein-1 (ZO-1) and claudin-1 protein

level enhancement was found in TA3 treated cells compared to the

presence of lipopolysaccharides (LPS) respectively. Therefore, these

findings demonstrate that DNA Nano-windmill (TA3) could induce

the phosphorylation of both Akt and Erk through heterodimeriza-

tion, enhancing cell motility and proliferation.

To evaluate the effect of FGFR1, Met and EGFR aptamer deletion

of TA3 on signal activation, we designed three sequence TFC, TMC

and TEC that does not contain aptamer to replace TF, TM and TE

to construct Nano-kite (T1, T2 and T3) (Fig. S12 in Supporting in-

formation). The natural polyacrylamide gel electrophoresis showed

that TF, TM and TE could be replaced by TFC, TMC and TEC to

form Nano-kite (T1, T2 and T3) (Fig. S13 in Supporting informa-

tion). Next, we evaluated the FGFR1, Met and EGFR phosphoryla-

tion levels of A549 cells incubated with T1, T2 and T3 (Fig. S14 in

Supporting information). The phosphorylation of EGFR and FGFR1

showed significant crosstalk, while the phosphorylation of Met was

independent. Above all, we designed a new Nano-windmill (TMA)

to regulate Met signaling. The transformable DNA Nano-windmill

(TMA) was designed a specific sequence TA capable of binding

complementary chains or small molecules to replace TM strand

(Fig. S15 in Supporting information). The strands of TF, TA, TE and

TLA could self-assemble to construct desired Nano-windmill TMA

(Fig. S16 in Supporting information). The minor structure alter-

ations of TMA did not affect the activation of FGFR1, Met and EGFR

signaling (Fig. S17 in Supporting information). We first developed

a strand (AC)-responsive TMA to control Met activation (Fig. S18 in

Supporting information). After adding strand AC, TA targeting Met

receptors was dissociated from TMA due to the complementary hy-

bridization of TA with AC, leading to the transformation of Nano-

windmill into Nano-kite. The recovery of TAMRA fluorescence and

native gel confirms the occurrence of this process (Figs. S19–S21 in

Supporting information). As TA dissociates from TMA, Met activa-

tion caused by TMA was significantly weakened (Figs. 4a and b),

suggesting the activation of Met receptors by DNA Nano-windmill

was selectively inhibited by complementary strands. Furthermore,

we extended the responsiveness of TMA to small molecules (e.g.,

ATP) (Fig. S22 in Supporting information). Initially, ATP-responsive

TA binding on TMA results in TAMRA fluorescence quenching. In

the presence of ATP, ATP drives the dissociation of TA from TMA

resulting in TAMRA fluorescence recovery (Fig. S23 in Support-

ing information). This finding was confirmed by the rapid TAMRA

fluorescence recovery and native gel (Figs. S24 and S25 in Sup-

porting information). In addition, the conversion process is spe-

cific to ATP (Fig. S26 in Supporting information). As we expected,

Fig. 4. The scheme and Western blot of AC or ATP responsible with TMA. (a)

Schematic illustration of DNA Nano-kite TK induced protein-pairing on the cell

membrane, which TMA react with AC. (b) Western blot analysis of p-Met expres-

sion in A549 cells with different concentration AC with TMA (10 nmol/L) treatment.

(c) Schematic illustration of DNA Nano-kite TK induced protein-pairing on the cell

membrane, which TMA react with ATP. (d) Western blot analysis of p-Met expres-

sion in A549 cells with different concentration ATP with TMA (10 nmol/L) treat-

ment.
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the p-Met expression caused by TMA remarkably decreased due

to the transformation of ATP-responsive TMA into Nano-kite TK

(Figs. 4c and d). Therefore, the designed TMA that can convert DNA

Nano-windmill into DNA Nano-kite using complementary strands

or small molecules to reduce the activation of specific receptor.

In summary, we have developed a transformable DNA Nano-

windmill for the activation of the heterodimerization receptors be-

tween three RTK families. To the best of our knowledge, this is

the first example of using controllable DNA Nano-windmill for the

activation of heterodimerization three RTK receptors and signal-

ing pathways. The DNA Nano-windmill shows excellent versatil-

ity in potential applications owing to (1) the controllability of the

DNA Nano-windmill, which can be transformed into DNA Nano-

kite by the complementary strands or small molecule to reduce

the specific RTK receptor activation caused by TMA, and (2) the

wide application of the DNA Nano-windmill, simulates more com-

plex signaling pathways activated by multiple growth factors. No-

tably, we have simultaneously controlled multiple receptors het-

erodimerization and activated the receptor signaling pathways by

using DNA Nano-windmill, potentially offering a facile and practi-

cal nongenetic approach for customized cell collective behaviors in

vivo. The DNA nanostructures have shown prominent potential in

the field of cancer immunotherapy [42]. The Nano-windmill sys-

tem has potential applications in inflammatory diseases, such as

ulcerative colitis and acute liver injury [39,43]. This strategy rep-

resents a new avenue for the smart regulation of cell behavior in

cell-based therapy and regenerative medicine.
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