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Abstract
Aberrant proximal biomolecular complexes are critical disease biomarkers. The precise in situ imaging
of these complexes is essential for deciphering disease pathogenesis and precision diagnostics.
However, current in situ analysis technologies are often constrained by limited resolution, diffusion-
mediated false positives, or the requirements for rigid conjugation between recognition and
amplification moieties, which hampers versatility and multiplexing. Here, we introduce Proximity
Anchored Modules Assembly (PAMA), a versatile and multiplexed imaging strategy with a “plug-and-
play” architecture. By decoupling target recognition from signal amplification via programmable DNA
tracks synthesized by Primer Exchange Reaction (PER), PAMA triggers a polymerase-driven extension
exclusively upon dual-recognition events. This mechanism ensures precise proximity-dependent
activation, showing specific signal response to homologous and heterologous targets. We further
validated PAMA as a versatile platform for detection of proximal biomarkers by visualizing HER2
receptor dimerization patterns in breast cancer cells and precise discrimination of BCR-ABLP210 fusion
gene isoforms in clinical chronic myeloid leukemia (CML) samples. PAMA bridges molecular precision
with spatial context through a rapid (approximately 2.5 h) and highly sensitive in situ profiling workflow.
Ultimately, PAMA establishes a versatile, modular framework for the precise imaging of diagnostic
biomolecular complexes, promising to accelerate both biological discovery and precision clinical
diagnostics.

Introduction
Proximal biomolecules serve as fundamental functional units that govern cellular signaling and
regulatory processes.[1, 2] The dysregulation of these complexes, such as pathogenic gene fusions[3, 4]

and dysregulated protein complexes,[5, 6] is a critical mechanism in various diseases, making the
aberrant complexes an important class of diagnostic biomarkers. For instance, the constitutive
dimerization of receptor tyrosine kinases (RTKs) is not only a hallmark of malignancy but also a key
therapeutic target.[7, 8] Therefore, the ability to directly detect these proximal biomarker complexes within
their native in situ environment is essential for understanding disease mechanisms and developing
precision diagnostics.[9–12]

Current in situ diagnostic approaches present inherent limitations. Immunohistochemistry (IHC)[13] and
fluorescence in situ hybridization (FISH)[14, 15] represent clinical standards but suffer from distinct
drawbacks. IHC is labor-intensive and restricted to single biomolecular detection. While FISH is the gold
standard for nucleic acids imaging, it relies on targeting extensive genomic regions. This requirement
inherently compromises the sensitivity for discriminating clinically relevant fusion variants or small
insertions/deletions. Although Förster resonance energy transfer (FRET)[16] offers nanometer-scale
resolution, its multiplexing capability is severely constrained by spectral crosstalk and limited compatible
donor-acceptor pairs. Emerging enzyme-based proximity labeling (PL) methods, such as BioID and
APEX, have expanded the toolkit for profiling proximal pathogenic complexes.[17, 18] However, their
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reliance on the uncontrolled diffusion of reactive intermediates fundamentally lacks the stringency
required for precise biomarker diagnostic. This diffusion inevitably generates high background noise by
labeling bystander molecules, obscuring the definitive identification of specific pathogenic complexes.
Furthermore, the requirement for toxic co-factors (e.g., H2O2) or prolonged labeling times severely
compromises the physiological integrity of clinical specimens.

To bridge the gap between recognition specificity and signal amplifiability, technologies such as
Proximity Ligation Assays (PLA)[19] and Proximity Extension Assays (PEA)[20] have been developed.
These methods utilize dual-recognition events to generate amplifiable DNA signals, significantly
improving specificity. However, they typically rely on rigid designs where recognition moieties (e.g.,
antibodies) are covalently coupled to amplification triggers. This bioconjugation process is often labor-
intensive, chemically complex, and prone to batch-to-batch heterogeneity, which can compromise the
affinity and stability of the recognition domains. Moreover, this lack of modularity necessitates the
complete re-synthesis and re-optimization of the entire probe set for every new target pair, severely
restricting flexibility, versatility and the potential for high-order multiplexing in heterogeneous clinical
samples.

Here we introduce Proximity Anchored Modules Assembly (PAMA), a modular and multiplexed in situ
imaging strategy engineered specifically for the precise identification of proximal biomarkers. Unlike
rigid conjugates, PAMA features a “plug-and-play” architecture comprising three interchangeable
components: a specific recognition domain, a programmable DNA track synthesized via Primer
Exchange Reaction (PER),[21] and a signal generation unit. As illustrated in Scheme 1, upon the proximal
binding of two targeting modules, polymerase-driven extension initiates exclusively at interaction sites,
displacing and releasing the extension strand from the shielding strand, thereby exposing docking sites
for fluorescence-labeled complementary sequences. Crucially, this design ensures signal generation only
upon precise dual recognition, guaranteeing high localization specificity and excellent signal-to-noise
ratios. We validated PAMA as a unified platform by visualizing HER2 protein dimers in breast cancer cells
and identifying BCR-ABLP210 fusion isoforms in clinical leukemia samples, which are critical biomarkers
for precise diagnosis and guiding targeted therapeutic strategies. Using a rapid (approximately 2.5
hours) workflow, we achieved highly sensitive in situ profiling with preserved spatial context. PAMA thus
establishes a versatile and modular framework for the precise imaging of diverse classes of adjacent
biomolecules in complex diseases.

Scheme 1. Schematic illustration of the Proximity Anchored Modules Assembly (PAMA).

Materials and methods
Materials and instrumentation

All DNA oligonucleotides (Table S1, Supporting Information) were synthesized by Sangon Biotech. Co.,
Ltd. (Shanghai, China). Reagents including dATPs, dCTPs, dTTPs, dNTP Mix, RNase-free ddH₂O, RNase
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Inhibitor, DEPC-treated 20× SSC buffer, formamide, and Triton X-100 were purchased from Sangon
Biotech. Co. Ltd. (Shanghai, China). 1× PBS and DEPC-treated PBS were obtained from Biosharp (Hefei,
China). Dulbecco’s PBS and Red Blood Cell Lysis Buffer from Solarbio (Beijing, China). Enzymatic
reagents, including Bst DNA Polymerase (Large Fragment), ThermoPol Reaction Buffer, NEBuffer™ 2, and
Magnesium Sulfate (MgSO₄) solution, were sourced from New England Biolabs Inc. (Beijing, China). For
cell culture, Dulbecco’s Modified Eagle’s Medium (DMEM), RPMI 1640 Medium, and penicillin-
streptomycin were purchased from Gibco (Shanghai, China); Fetal Bovine Serum (FBS) was from ExCell
(Australia). Ligands hNRG-1 and EGF were purchased from Cell Signaling Technology (Shanghai, China)
and Peprotech (Rocky Hill, NJ, USA), respectively. Kits for RNA extraction and RT-PCR included the
SPARKeasy Cell RNA Kit (Sparkjade, China) and PrimeScript™ One Step RT-PCR Kit Ver.2 (TaKaRa Bio,
Inc., Dalian, China). All chemicals were of molecular biology grade. Fluorescence measurements for
homogeneous assays were conducted using a Synergy H1 MD automatic microplate reader (Biotek,
USA). Gel electrophoresis was analyzed using a Bio-Rad system (USA) and imaged with Uvidoc HD6
Touch Plus (UVITEC, UK). RNA concentration was quantified via a NanoDrop spectrophotometer
(Thermo Fisher Scientific, USA). In situ fluorescence imaging was performed on a Leica DMI8 Inverted
Fluorescence Microscope (Leica, Germany).

Homogeneous assay for mechanism validation and kinetics analysis: To assemble the functional
module, 10 nM of Probe, S strand, and ES strand were hybridized in 1× TME buffer (10 mM Tris-HCl, pH
8.0, 12.5 mM MgCl₂, 1 mM EDTA) by heating at 95°C for 5 min and incubating at 37°C for 1 h.
Subsequently, the target (Targethom/Targethet, 1 µM) was added to the module solution and incubated at
37°C for 30 min. For strand extension, a reaction mixture containing Bst DNA polymerase (4 U), dNTPs
(100 µM), 1× NEBuffer™ 2, and FAM-CS (500 nM, excluded for PAGE analysis) was added. The reaction
was incubated at 37°C for 30 min, followed by fluorescence measurement. Fluorescence intensity of
FAM (Ex: 490 nm, Em: 520 nm) or emission spectra (500–600 nm) were recorded.

Native polyacrylamide gel electrophoresis (PAGE)

The assembly of DNA structures was characterized by 12% native PAGE. Reaction mixtures (10 µL, ~ 100
nM DNA) were mixed with loading buffer and electrophoresed in 1× TBE buffer at 110 V for 50 min. Gels
were stained with GelRed for 20 min at room temperature and imaged. Detailed reactant compositions
for each lane are listed in the respective figure captions.

Cell culture and ligand stimulation models

Leukemia cell lines (KCL22 and K562) were cultured in RPMI 1640 medium, while breast cancer cell lines
(SK-BR-3, MCF-7, MDA-MB-231) were cultured in DMEM. Both media were supplemented with 10% FBS
and 1% penicillin-streptomycin. Cells were maintained at 37°C in a humidified 5% CO₂ atmosphere. For
ligand stimulation, SK-BR-3 cells were starved overnight in serum-free medium. After washing three
times with ice-cold PBS, cells were treated with varying concentrations of hNRG-1 or EGF for 20 min at
37°C to induce heterodimerization. Cells were immediately washed three times with ice-cold PBS to
remove excess ligands and fixed for downstream analysis.
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Membrane protein-dimers in situ visualization of breast cancer cells: Cells cultured in 24-well plates
were washed with ice-cold PBS and fixed with methanol/acetic acid (3:1) for 20 min at room
temperature. To synthesize long DNA tracks, PER was conducted in a tube containing primers (PHer2,
PHer3, PEGFR, 200 nM each), hairpins (50 nM), dHTPs (dATP, dCTP, dTTP, 100 µM each), Bst DNA

polymerase (0.8 U µL− 1), MgSO₄ (10 mM), and 1× ThermoPol buffer. The reaction proceeded at 37°C for
30 min, followed by heat inactivation at 80°C for 20 min. The PER products were mixed with aptamers
(Apt 2, Apt 3, Apt E; 200 nM each) in PBS and incubated with fixed cells at 37°C for 1 h. After washing
three times with washing buffer (10% formamide in 2× SSC) at 37°C for 5 min, S-ES duplexes (pre-
hybridized in 1× TME) were added and incubated at 37°C for 1 h. Finally, cells were incubated with an
extension mixture containing Bst DNA polymerase (4 U), dNTPs (100 µM), 1× NEBuffer™ 2, and
fluorescent reporters (FAM-CS/Cy3-CS/Cy5-CS, 500 nM each) at 37°C for 30 min. Nuclei were stained
with DAPI prior to imaging.

Flow cytometric analysis

Fixed cells (1×10⁶) were incubated with a mixture of aptamers and PER products (500 nM) in D-PBS (200
µL) at 37°C for 1 h. Unbound probes were removed by centrifugation (1000 rpm, 3 min) and washing.
Cells were resuspended in binding buffer containing 1 µM S-ES duplexes and incubated at 37°C for 1 h.
Following PBS washing, cells were incubated with the extension mixture (8 U Bst DNA polymerase, 100
µM dNTPs, 1×NEBuffer™ 2, and 1 µM fluorescent reporters) at 37°C for 30 min. Cells were washed,
resuspended in PBS (500 µL), and 10,000 events were analyzed on a Navios Series Flow Cytometer
(Beckman Coulter, China) using FlowJo software (V 10.8.1).

Isoform-specific in situ genotyping of leukemia cells: KCL22 and K562 cells (2×10⁶) were fixed on slides
(methanol/acetic acid, 3:1) for 20 min, washed with DEPC-treated PBS, and permeabilized with Triton X-
100 (0.5% in PBS) at 37°C for 5 min. Cells were washed with PBS at 37°C for 15 min. A mixture
containing PER products of primers Pa2, Pe13, and Pe14 (1 µM) was added to the cells, heated at 95°C for

5 min (for target unmasking), and incubated at 37°C for 1 h. RNase Inhibitor (1 U µL− 1) was included in
all reaction steps. Subsequent washing, anchoring of S-ES duplexes, and extension steps followed the
PAMA protocol described above, using washing buffer (10% formamide, 2× SSC). Nuclei were stained
with DAPI prior to imaging.

Clinical specimen processing and diagnostic workflow: Blood and bone marrow samples were collected
from CML patients at The First Affiliated Hospital of Chongqing Medical University (Ethics approval:
2024-102-01). Samples were treated with Red Blood Cell Lysis Buffer to isolate leukocytes. The resulting
cell suspension was processed following the protocol described in “Isoform-Specific in Situ Genotyping of
Leukemia Cells.”

Sanger sequencing: Total RNA was extracted using the SPARKeasy Cell RNA Kit, and concentration was
determined via NanoDrop. cDNA synthesis and amplification were performed using the PrimeScript™
One Step RT-PCR Kit Ver.2. The reaction mixture (50 µL) consisted of RNA template (4 µL), each of
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Forward Primers (KCL22 and K562, 1 µL) and Reverse Primer (20 µM), 2× 1-Step Buffer (25 µL), Enzyme
Mix (2 µL), and RNase-free H₂O. Thermal cycling conditions were: 50°C for 30 min, 94°C for 2 min,
followed by 40 cycles of [94°C/30 s, 55°C/30 s, 72°C/1 min]. PCR amplicons were submitted for Sanger
sequencing.

Statistical analysis and fluorescence intensity analysis

Data are presented as mean ± standard deviation (s.d.) from at least three independent experiments (n = 
3). Mean fluorescence intensity (MFI) was analyzed using ImageJ software (NIH, USA). Statistical
analyses were performed using GraphPad Prism 10.1 (GraphPad Software, San Diego, CA, USA) and IBM
SPSS Statistics 24.0 (IBM Corp., Armonk, NY, USA). Differences between two groups were analyzed
using an unpaired two-tailed Student’s t-test, whereas comparisons involving three or more groups were
evaluated using a one-way analysis of variance (ANOVA). Statistical significance is indicated as ****, P < 
0.0001, and “ns” denotes not significant.

Results and discussion

Construction and validation of PAMA in homogeneous
assay
To validate the PAMA mechanism prior to its in situ application for imaging proximal biomolecules, we
first constructed a simplified homogeneous assay. Since unbound probes cannot be removed in solution,
we employed a “signal-off” quenching mode system. As illustrated in Fig. 1A, we designed tandem
repeat models to simulate homologous (Targethom, two identical units) and heterologous (Targethet, two
distinct units) proximal targets. Upon the concurrent binding of two modules to the target, the 3’
terminus of the extending strands (ES) was brought into proximity. For Targethom detection, a
palindromic sequence was engineered at the ES 3’-terminus to facilitate self-priming and prevent false
negatives. The proximity-induced ES hybridization triggered Bst DNA polymerase-mediated bi-directional
extension, which displaced the original ES and exposed the S strand. This allowed a Black Hole
Quencher-1 labeled complementary sequence (B-CS) to hybridize with the FAM-labeled S strand,
resulting in fluorescence quenching. The 12% native PAGE analysis (Fig. 1B and 1C) was performed to
monitor the stepwise assembly and extension process. Upon target binding, distinct up-shifted bands in
lane 9 indicated the successful assembly of the high-molecular-weight DNA scaffolds in the presence of
targets. Crucially, following the addition of Bst polymerase (lane 10), a prominent new band appeared at
a lower molecular weight, which corresponds exactly to the size of the displaced, extended ES product,
thereby confirming the proximity-triggered strand displacement mechanism.

Having established the structural feasibility of PAMA using these representative mimic targets, we
further monitored the fluorescence signal change after adding Bst polymerase to monitor the reaction
process. A significant signal reduction was observed only in the presence of all reaction components,
whereas the omission of either target or polymerase abolished the response (Fig. 1D and 1F), confirming
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the feasibility and specificity of the proximity-dependent extension. To achieve optimal signal-to-noise
ratios, we fine-tuned the complementary overlap length at the ES 3’-terminus. Testing across five length
variants demonstrated that a 6-nt overlap performed best for both target types (Fig. 1E and 1G). While
longer complementary sequences stabilize base-pairing to prime extension, excessive length induces
non-specific binding and background signals. Furthermore, polymerization conditions were similarly
optimized (Figure S1 and S2), identifying 37°C as the standard temperature, coupled with a 10-min or 30-
min incubation for homologous and heterologous targets, respectively. Under these optimal conditions,
we evaluated the analytical sensitivity of the system. The fluorescence intensity exhibited a
concentration-dependent decrease as target concentrations increased from 0 to 50 nM (Fig. 1H). A
robust linear correlation was established (Fig. 1I), with a calculated limit of detection (LOD) of 0.433 nM
(3σ / slope). These results collectively demonstrate that the PAMA strategy enables sensitive and
specific detection of proximal targets via polymerase-driven strand extension, establishing a solid
foundation for subsequent in situ imaging.

PAMA-enabled in situ imaging of proximal HER2 dimerization
Following the validation in homogeneous solution, we adapted PAMA for the in situ visualization of
spatially proximal biomolecules on cell membranes. We selected the human epidermal growth factor
receptor 2 (HER2) as the model target. HER2 is frequently overexpressed in breast cancer and serves as
a critical biomarker for molecular subtyping and targeted therapy of the disease.[22, 23] However, the
efficacy of HER2-targeted therapies is often compromised by acquired resistance mechanisms, largely
driven by the aberrant formation of homodimers or heterodimers with other ERBB family members (e.g.,
HER3, EGFR).[24–26] Therefore, accurately profiling the spatial organization and dimerization patterns of
HER2 is essential for refining diagnostic precision and optimizing therapeutic strategies.

To achieve multiplexed in situ imaging of these proximal biomarkers, we engineered a “turn-on” detection
strategy (Fig. 2A). Unlike the homogeneous assay, the S strand here is unlabeled, while the
complementary strand (CS) carries a fluorophore (FAM, Cy3, or Cy5). To overcome the weak unamplified
signals caused by the low cellular abundance of dimeric complexes, we employed PER to synthesize
long DNA concatemers for high-contrast in situ imaging. These extended tracks provide multiple
anchoring sites for S and ES strands, effectively amplifying the signal at the site of each proximal event.
Gel electrophoresis analysis demonstrated the successful construction of PER products and confirmed
that their length could be controlled by tuning the polymerization time. Furthermore, preliminary imaging
results revealed that long PER tracks produced substantial signal enhancement compared to short, non-
amplified tracks (Figure S3 and S4). Meanwhile the selected aptamers[27–29] were labeled with
respective fluorophores to demonstrate specific binding to HER2, HER3, and EGFR on the membrane
(Figure S5).

We first validated the assay performance using the HER2-positive breast cancer cell line SK-BR-3
(expressing high levels of HER2/HER3 and moderate levels of EGFR).[30, 31] Negligible fluorescence was
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observed in the absence of any key component (aptamers, DNA tracks, or Bst polymerase), whereas the
complete system generated robust membrane-associated signals (Figure S6-S8). The results
demonstrated the feasibility of PAMA for in situ imaging. Given that the spacing distance and steric
hindrance between massive membrane proteins differ significantly from the free DNA targets used in the
homogeneous assay, a longer overlap (8-nt) was required to stabilize the transient proximity and
effectively prime the extension on the crowded cell surface. (Figure S9). To confirm specificity, we
employed MDA-MB-231 (expressing high levels of EGFR and low levels of HER2/HER3) and MCF-7
(expressing low levels of HER2/HER3/EGFR) cell lines as controls.[32, 33] Fluorescence intensity analysis
(Fig. 2B-D) characterized diverse receptor dimerization combinations. SK-BR-3 cells exhibited intense,
punctate fluorescence signals corresponding to HER2/HER2 homodimers. In contrast, to drive the
formation of heterodimers, cells were pre-incubated with their cognate ligands: human neuregulin-1
(hNRG-1)[34] and epidermal growth factor (EGF).[35] Under these induced conditions, robust HER2/HER3
(Fig. 2C) and HER2/EGFR (Fig. 2D) heterodimer signals were clearly resolved. In contrast, the control cell
lines showed minimal background signal, consistent with their expression profiles. Statistical analysis of
the mean fluorescence intensity (MFI) confirmed a significant deviation between the positive and
negative groups. Flow cytometric analysis further corroborated the microscopic observations. As shown
in Figure S10, a substantial rightward shift in fluorescence intensity was observed exclusively in the
targeted channels for SK-BR-3 cells, confirming that the PAMA-generated signals are robustly detectable
at the whole-population level, consistent with their known receptor expression profiles. Finally, we
demonstrated the multiplexing capability of PAMA by simultaneously imaging HER2/HER3 and
HER2/EGFR heterodimers in the same sample. As shown in Fig. 2E, the orthogonal fluorescence signals
(FAM, Cy3, Cy5) allowed for the simultaneous imaging of HER2/HER3 and HER2/EGFR proximal pairs,
with signal intensities significantly higher than those in negative controls. The results above confirm
PAMA as a robust tool for the multiplexed dissection of membrane protein dimer landscapes.

Beyond static profiling, we further evaluated the capability of PAMA to capture dynamic shifts in
dimerization levels driven by biological stimuli. We treated SK-BR-3 cells with graded concentrations of
hNRG-1 and EGF respectively. As illustrated in Fig. 3, the in situ fluorescence signal exhibited a robust,
dose-dependent increase in response to ligand titration, eventually reaching a saturation plateau.
Notably, a slight signal decrease was observed under high-concentration EGF stimulation. This
phenomenon is likely attributed to the intrinsic structural dynamics induced by EGF, where the
EGFR/HER2 heterodimer interaction is transient and significantly weaker than EGFR homodimerization.
[36] Consequently, excessive ligand stimulation might drive preferential EGFR homodimer formation or
endocytosis, thereby reducing the abundance of surface-accessible heterodimers available for PAMA
detection. This trend confirms that PAMA allows for the precise monitoring of receptor interplay
modulation in response to extracellular signaling events.

Figure 3. Monitoring of ligand-induced modulation of HER2-related heterodimer levels. (A)
Representative fluorescence images and evaluation of fluorescence signal changes of HER2/HER3
heterodimers in SK-BR-3 cells following stimulation with increasing concentrations of hNRG-1 (0‑400
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ng/mL). (B) Representative fluorescence images and evaluation of fluorescence signal changes of
HER2/EGFR heterodimers in SK-BR-3 cells following stimulation with increasing concentrations of EGF
(0‑400 ng/mL). The mean fluorescence intensity (MFI) exhibited a saturable, dose-dependent increase,
verifying the sensitivity of PAMA to changes in dimer abundance. Scale bar: 10 µm. Data are presented
as mean ± s.d. (n = 3).

PAMA-enabled discrimination of BCR-ABL fusion isoforms
To demonstrate the universal applicability of PAMA beyond protein targets, we adapted the platform to
visualize the BCR-ABLP210 fusion transcript, a definitive molecular hallmark of chronic myeloid leukemia
(CML).[37, 38] Clinically, precise discrimination between the major isoforms (e13a2 and e14a2) is crucial
(Fig. 4A), as distinct breakpoint architectures correlate with specific clinical phenotypes and therapeutic
prognoses.[39, 40] We designed a “breakpoint-spanning” detection strategy illustrated in Fig. 4B. A
common module (Module A) targets the ABL exon, while specific modules (Module B or C) target the
BCR e13 or e14 exons, respectively. Only when the fusion transcript brings these exons into direct
proximity does the bi-directional extension occur, triggering the binding of FAM-labeled CS to module A,
and Cy3- or Cy5-labeled CS to modules B or C.

We first validated specificity in a homogeneous assay. Consistent with the mechanism established
earlier, a fluorescence signal response was strictly dependent on the presence of all reaction
components (Fig. 4C and 4D). Crucially, the system exhibited excellent specificity for the fusion
transcripts. As shown in Fig. 4E and 4F, the e13a2/e14a2-targeting set yielded a significant signal only
with the corresponding template, while showing negligible response to other templates or a “split”
control (s-e13a2/s-e14a2, containing a 20-bp spacer). The failure of the spacer-inserted template to
trigger a signal confirms that PAMA detects strict molecular proximity rather than simple co-existence.

We next evaluated the system’s performance in genotyping leukemia cell lines: KCL22 (e13a2 positive)
and K562 (e14a2 positive)[41, 42], with normal white blood cells (WBCs) serving as negative controls. The
specific genotypes were confirmed via Sanger sequencing (Figure S11). The specificity of the detection
system was first corroborated by component-deletion controls using individual fluorescence channels,
which showed negligible fluorescence in the absence of essential reaction components (Fig. 4G).
Subsequent in situ imaging revealed that KCL22 cells exhibited dual fluorescence of FAM and Cy3
(indicating e13a2), while K562 cells displayed FAM and Cy5 signals (indicating e14a2); in contrast, WBCs
remained “silent” due to the absence of the fusion gene (Fig. 4H). As the key parameter in PAMA, the 3’-
terminus of (ES) was also optimized. For the in situ detection of fusion transcripts, where the RNA
breakpoints bring the two modules into extremely close molecular proximity without the massive steric
hindrance of membrane proteins, a shorter 5-nt overlap provided sufficient binding stability while
maintaining stringent specificity. (Figure S12).
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To translate these findings into a diagnostic criterion, we performed single-cell fluorescence intensity
profiling. We analyzed the MFI of 50 individual cells from each group. 2D scatter plot analysis (Fig. 4I)
revealed distinct populations. Based on the observed signal distribution, a discriminatory cut-off of MFI 
> 2.5 was statistically established based on the maximal separation between the negative control
(WBCs) and the target-positive populations, achieving 100% classification accuracy for the cancer cell
lines. This diagnostic thresholding strategy paves the way for the automated and precise identification of
leukemic blasts in complex clinical specimens.

Clinical validation of PAMA for CML diagnosis and genotyping
To validate the clinical utility of PAMA, we established a streamlined workflow for the analysis of patient
blood or bone marrow samples. As outlined in Fig. 5A, the optimized “sample-to-answer” process,
comprising specific recognition (1 h), S-ES duplexes anchoring (1 h), and strand extension (0.5 h), was
completed within approximately 2.5 hours. This rapid turnaround time significantly outpaces traditional
molecular diagnostic methods (e.g., clinical kits > 18h without isoforms information),[43, 44] facilitating
timely clinical decision-making.

We recruited a cohort of 60 subjects, comprising 30 BCR-ABLP210-positive CML patients and 30 negative

controls (clinical details in Table S2). In situ imaging of the BCR-ABLP210-positive group (Fig. 5B) and
negative group (Figure S13) revealed distinct, isoform-specific fluorescence patterns (FAM/Cy3 or
FAM/Cy5) within the cytoplasm of positive cells, confirming the successful capture of fusion transcripts
in clinical specimens. To visualize population-level discrimination, a heatmap was generated to
summarize the MFI across all 60 samples (Fig. 5C). The analysis revealed a distinct segregation: the
positive cohort exhibited significantly elevated MFI levels compared to the negative group. This
distinction was statistically corroborated by box plot analysis (Fig. 5D), confirming that the dual-color
PAMA panel enables robust segregation of leukemia patients from healthy controls.

To rigorously evaluate the diagnostic accuracy of PAMA, we first benchmarked it against qRT-PCR, the
clinical gold standard for transcript quantification. We began by assessing the capability of PAMA to
reflect transcript abundance. Spearman correlation analysis performed on the 30 positive samples
(Fig. 5E) demonstrated strong positive associations between the BCR-ABLP210/ABL copy number ratios
and PAMA signal intensities (FAM: r = 0.8999; Cy3: r = 0.7857; Cy5: r = 0.8439). This suggests that the in
situ fluorescence signal serves as a reliable readout for intracellular transcript abundance. Building on
this quantitative fidelity, we further validated the diagnostic classification performance (Fig. 5F). The
results highlight that PAMA achieves 100% concordance with qRT-PCR, yielding equivalent Sensitivity
(Sen) and Specificity (Spe) for the clinical diagnosis of CML.

To contextualize these advantages, we performed a multimodal head-to-head comparison using
representative clinical samples (Fig. 5G). While bone marrow smears effectively reveal morphological
abnormalities (e.g., granulocyte hypercellularity), they lack molecular specificity. Similarly, FISH confirms
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the presence of fusion genes via co-localization but fails to distinguish between specific isoforms (e.g.,
e13a2 vs. e14a2). Conversely, Sanger sequencing provides precise genotyping but is labor-intensive and
devoid of spatial context. PAMA uniquely bridges these gaps, simultaneously providing in situ
localization, isoform-specific identification, and rapid profiling.

While qRT-PCR effectively validates the quantitative fidelity of PAMA regarding overall transcript
abundance, it lacks the capacity to distinguish specific breakpoint architectures. Therefore, to rigorously
evaluate PAMA’s capability for precise isoform subtyping, we further benchmarked its genotyping
performance against Sanger sequencing as the reference standard. The performance was rigorously
quantified via Receiver Operating Characteristic (ROC) analysis, yielding an Area Under the Curve (AUC)
of 0.938 (Fig. 5H). Concurrently, the overall genotyping accuracy was calculated to be 96.7% and the
Cohen’s Kappa coefficient was calculated to be 0.902, indicating an excellent level of agreement
between the PAMA assay and the reference Sanger sequencing method, confirming the reliability of
PAMA for clinical genotyping (Fig. 5I). Detailed analysis of the single discordant case (Sample #29)
revealed a relatively high transcript abundance (~ 8.08%), suggesting the discrepancy was not due to
limited sensitivity. Instead, it highlights the challenge of matrix heterogeneity in clinical specimens: this
specific sample exhibited anomalous non-specific background in the Cy5 channel, which masked the
true Cy3 signal. This case highlights that while automated thresholding is efficient for population-level
screening, samples with abnormal background profiles may benefit from visual inspection to distinguish
true proximity-induced signals from matrix-derived noise. Collectively, these findings demonstrate the
high diagnostic accuracy of PAMA, establishing it as a robust tool for the precise genotyping of
leukemia.

Conclusion
In summary, we developed a PAMA strategy for the multiplexed and specific in situ analysis of adjacent
biomolecules, offering a potential tool for the precise differentiation of molecular subtypes. The core
innovation of PAMA lies in its modular “plug-and-play” architecture, which strategically decouples target
recognition from signal amplification. Upon the specific recognition of adjacent targets by their
respective recognition domains, the modules are anchored to the site, triggering a subsequent
polymerase-driven bi-directional extension. Distinct proximal pairs are then resolved via distinct
fluorescent indicators. By leveraging this modular architecture, PAMA successfully achieves multiplexed
in situ imaging of adjacent biomolecules with flexibility and robustness.

Our results demonstrate that PAMA is not merely a detection tool but a powerful platform for in situ
molecular pathology. It enabled the dynamic monitoring of ligand-induced HER2 dimerization
landscapes on cell membranes and achieved the precise discrimination of BCR-ABLP210 fusion isoforms
in clinical leukemia specimens. Notably, PAMA bridges the gap between molecular precision and spatial
context, serving as a rapid (approximately 2.5 h) and highly sensitive alternative to the spatially
unresolved and time-consuming sequencing methodologies. Given its high modularity, this framework
can be readily expanded to visualize a diverse array of biomarkers. While this study demonstrates the
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efficacy of nucleic acid-based recognition, the flexible design of the PAMA framework holds the potential
to accommodate other classes of affinity ligands, including antibodies or nanobodies, for a wider range
of biological applications. These features position PAMA as a versatile platform for in situ analysis,
accelerating discoveries in both fundamental cell biology and precision clinical diagnostics.
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Figure 1

Validation of the PAMA strategy in a homogeneous assay. (A) Schematic illustration of the PAMA
mechanism operating in a “signal-off” reporting mode. Native PAGE (12%) analysis of the assembly and
extension products triggered by homologous (B) and heterologous (C) targets. The composition of each
lane is indicated by the matrix above the gel; filled circles denote the presence of components. Darker
circles indicate a two-fold concentration relative to lighter circles, simulating the stoichiometric binding
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of two modules to a single target. For homologous targets: real-time fluorescence kinetics monitoring
the quenching effect (D) and optimization of the palindromic overlap length at the 3’-terminus of the ES
strand (E). For heterologous targets: real-time fluorescence kinetics (F) and optimization of the
complementary overlap length at the 3’-terminus of the ES strand (G). (H) Fluorescence emission
spectra in response to varying target concentrations ranging from 0 to 50 nM. (I) Linear calibration curve
plotting the fluorescence intensity change (ΔFI) against target concentration ranging from 0 to 50 nM.
ΔFI represents the net reduction in fluorescence intensity relative to the initial state (F0 - F). Error bars
represent the standard deviation of three independent replicates (n = 3).
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Figure 2

In situ multiplexed visualization of HER2 dimerization patterns in breast cancer cell lines. (A) Schematic
illustration of the “turn-on” PAMA strategy for the specific imaging of proximal HER2 dimers on the cell
membrane. Representative fluorescence images and corresponding statistical analysis of specific
dimerization events: HER2 homodimers (B), HER2/HER3 heterodimers (C), and HER2/EGFR
heterodimers (D). (E) Simultaneous and multiplexed imaging and statistical analysis of HER2/HER3 and
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HER2/EGFR heterodimers within the same cellular context. Fluorescence channels: 405 nm (DAPI,
nucleus, blue), 488 nm (FAM, green), 547 nm (Cy3, red), and 642 nm (Cy5, magenta). All images were
acquired using a 40× objective; scale bar: 10 µm. Data are presented as mean ± standard deviation (s.d.,
n = 3 independent experiments). Statistical significance: ****, P < 0.0001.

Figure 3

Monitoring of ligand-induced modulation of HER2-related heterodimer levels. (A) Representative
fluorescence images and evaluation of fluorescence signal changes of HER2/HER3 heterodimers in SK-
BR-3 cells following stimulation with increasing concentrations of hNRG-1 (0‑400 ng/mL). (B)
Representative fluorescence images and evaluation of fluorescence signal changes of HER2/EGFR
heterodimers in SK-BR-3 cells following stimulation with increasing concentrations of EGF (0‑400
ng/mL). The mean fluorescence intensity (MFI) exhibited a saturable, dose-dependent increase, verifying
the sensitivity of PAMA to changes in dimer abundance. Scale bar: 10 µm. Data are presented as mean ±
s.d. (n = 3).
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Figure 4

PAMA-based in situ genotyping of BCR-ABLP210 fusion isoforms. (A) Schematic representation of the

chromosomal translocation forming the BCR-ABLP210 fusion gene and its major isoforms (e13a2 and
e14a2). (B) Working principle of the isoform-specific PAMA assay. Proximity between the common ABL
module and specific BCR modules at the fusion breakpoint triggered orthogonal fluorescence signals.
(C, D) Feasibility validation in homogeneous assay showing signal dependence on all reaction
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components for e13a2 and e14a2. (E, F) Specificity analysis demonstrating discrimination between
isoforms and controls. (G) Control experiments in KCL22 and K562 cells showing negligible signal in the
absence of tracks, targets, or polymerase. (H) Representative in situ multiplexed imaging and statistical
evaluation of fusion isoforms in normal WBCs, KCL22, and K562 cells. (I) Establishment of diagnostic
thresholds via single-cell analysis. (i–iv) 2D scatter plots mapping the fluorescence intensity of FAM vs.
Cy3 (for WBC/KCL22) and FAM vs. Cy5 (for WBC/K562). The dashed lines indicate the empirical cut-off
values (MFI = 2.5) used to distinguish positive leukemia cells from normal leukocytes. Scale bar: 10 µm.
Data are presented as mean ± s.d. (n = 3). Statistical significance: ****, P < 0.0001; ns, not significant.
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Figure 5

Clinical validation of PAMA for the diagnosis and genotyping of CML. (A) Schematic workflow of the
PAMA in situ assay, illustrating the rapid 2.5-hour timeline from sample recognition to signal output. (B)
Representative fluorescence microscope images of blood or bone marrow specimens from the BCR-
ABLP210-positive cohort (n = 30). Distinct fluorescence channels indicate the specific fusion isoforms
detected in situ. (C) Heatmap visualization of the mean fluorescence intensity (MFI) profile across the
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clinical cohort (n = 60; 30 positive, 30 negative). (D) Statistical comparison of MFI levels between BCR-
ABLP210-positive and negative groups. Data are presented as box-and-whisker plots; ****, P < 0.0001. (E)
Spearman correlation analysis between PAMA fluorescence intensity (FAM and Cy3/Cy5 channels) and
BCR-ABLP210/ABL copy number ratios determined by qRT-PCR (n = 30). (F) Confusion matrix highlighting
the diagnostic performance metrics of PAMA versus qRT-PCR. (G) Multimodal benchmarking of PAMA
against standard diagnostic methods (Bone marrow smear, FISH, and Sanger sequencing),
demonstrating PAMA’s unique integration of molecular specificity and spatial context. (H) Receiver
Operating Characteristic (ROC) curve analysis assessing the diagnostic accuracy of PAMA for fusion
genotype classification (n = 30, AUC = 0.938). (I) Confusion matrix comparing BCR-ABLP210 isoform
genotyping results between PAMA and Sanger sequencing.
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