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Abstract
Background

Radiotherapy is an important treatment modality for colorectal cancer (CRC), but intrinsic and acquired
radioresistance remain major barriers to durable tumor control. Increasing evidence suggests that
therapy resistance is shaped by heterogeneous malignant epithelial states and their interactions with the
tumor microenvironment. However, the epithelial cell states associated with radiotherapy non-response
in CRC and their therapeutic vulnerabilities remain poorly defined.

Objectives

This study aimed to identify malignant epithelial populations associated with radiotherapy resistance in
CRC, define their biological characteristics, and determine whether these resistant states can be
therapeutically targeted.

Methods

Patient-derived CRC single-cell RNA sequencing data were integrated and analyzed to characterize
cellular composition, malignant epithelial subclusters, copy-number variation, pathway activity,
differentiation trajectory, and cell-cell communication. TROP2/TACSTD2-associated epithelial states
were further evaluated using survival analysis, enrichment analysis, pseudotime reconstruction, and
ligand-receptor inference. Functional validation was performed in CRC cell models using TROP2
knockdown, TROP2 overexpression, clonogenic survival assays, immunofluorescence, western blotting,
cell-cycle analysis, apoptosis assays, drug—radiation synergy analysis, and xenograft models treated
with irradiation and sacituzumab govitecan (Trodelvy).

Results

Single-cell analysis identified a distinct TROP2* malignant epithelial population enriched in radiotherapy
non-responsive tumors and associated with poor prognosis. These cells occupied a terminally
remodeled, stress-adapted epithelial state characterized by enhanced translation, oxidative metabolism,
keratinocyte-like remodeling, and fibroblast-associated paracrine signaling. Functionally, TROP2
expression correlated with intrinsic radioresistance. TACSTD2 depletion sensitized CRC cells to
irradiation, whereas TROP2 overexpression promoted radioresistance. Irradiation further induced TROP2
expression, creating a therapeutic vulnerability to Trodelvy. Combined irradiation and Trodelvy enhanced
apoptosis, altered cell-cycle distribution, and suppressed tumor growth in xenograft models, particularly
in radioresistant CRC.
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Conclusion

TROP2 defines a stress-adapted malignant epithelial state that contributes to CRC radiotherapy
resistance while providing an actionable therapeutic vulnerability. These findings support combined
radiotherapy and TROP2-targeted antibody—drug conjugate treatment as a potential strategy to
overcome radioresistance in CRC.

Introduction

Colorectal cancer (CRC) remains a major cause of cancer-related mortality worldwide[1]. Radiotherapy is
a key component of multimodal treatment, particularly in locally advanced and rectal cancer, yet intrinsic
and acquired resistance frequently limit durable tumor control[2, 3]. As a result, tumor persistence, local
recurrence, and treatment failure remain substantial clinical challenges[4]. Despite its importance, the
cellular basis of radiotherapy resistance in CRC is still incompletely understood|5, 6].

Increasing evidence indicates that treatment response is influenced not only by genetic alterations, but
also by heterogeneous malignant epithelial states and their interactions with the tumor
microenvironment; however, the epithelial states specifically associated with radiotherapy non-response
in CRC remain poorly defined|7, 8].

Trophoblast cell surface antigen 2 (TROP2, encoded by TACSTD2) is a transmembrane glycoprotein
broadly expressed in epithelial tissues and frequently upregulated in carcinomas|9, 10]. Beyond its value
as a therapeutic target for antibody-drug conjugates such as sacituzumab govitecan, TROP2 has been
linked to tumor progression and adverse prognosis across multiple epithelial malignancies[11, 12]. Yet
whether TROP2 marks a distinct epithelial state associated with radioresistance in CRC, or actively
contributes to the acquisition of such a phenotype, has not been systematically investigated[13].

Here, we integrated single-cell transcriptomic profiling of patient-derived CRC specimens with functional
and pharmacologic validation to define epithelial states associated with radiotherapy response. We
identify a distinct TROP2* malignant epithelial population enriched in radiotherapy non-responsive
tumors and show that these cells occupy a terminally remodeled, stress-adapted epithelial state
characterized by enhanced translational activity, keratinocyte-like remodeling, and fibroblast-associated
signaling. We further demonstrate that TROP2 functionally contributes to radiotherapy tolerance while
simultaneously creating a therapeutic vulnerability to TROP2-targeted antibody-drug conjugate[14, 15].
Based on these findings, we propose a working model in which radiotherapy both selects for and
induces TROP2-associated adaptive epithelial states that can be therapeutically exploited by combining
radiotherapy with Trodelvy. These findings establish TROP2 as both a mechanistic determinant and a
translational entry point for overcoming radiotherapy resistance in CRC.

Methods
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Data availability

The single-cell RNA sequencing (scRNA-seq) data generated in this study were derived from patient CRC
specimens collected at Zhejiang Cancer Hospital. Bulk RNA-seq data used for survival analyses were
obtained from The Cancer Genome Atlas colorectal adenocarcinoma cohort (TCGA-COAD).

Single-cell RNA sequencing and data analysis

Tissue dissociation. Fresh colorectal cancer tissue samples were immediately processed for scRNA-
seq. Tumor tissues and matched adjacent normal tissues were collected from patients undergoing
surgical resection at Zhejiang Cancer Hospital. Single-cell suspensions for library construction were
prepared through mechanical dissociation and enzymatic digestion. Briefly, tissue samples were
transferred into a 60 x 15 mm culture dish, washed with pre-cooled D-PBS to remove blood and debris,
and minced into small pieces of approximately 2-3 mm. The tissue fragments were then transferred into
a 5 mL centrifuge tube, supplemented with 1 mL D-PBS, and further minced to approximately 1 mm.
After three washes with D-PBS, tissues were incubated in Tumor Dissociation Kit, human (Miltenyi
Biotec, cat. no. 130-095-929) digestion buffer at 37 °C and 100 rpm. An initial 5 mL of enzyme mix was
used for digestion for 15 min, followed by gentle trituration with a Pasteur pipette and filtration through a
40 pm cell strainer. The remaining tissue fragments were then subjected to a second round of digestion
with the remaining 5 mL enzyme mix for an additional 15 min, or longer if needed, until most tissue
fragments were dissociated. Cell suspensions from the two rounds were combined and centrifuged at
400 x g, 4 °C, for 5 min. Residual erythrocytes were removed using 1x Red Blood Cell Lysis Solution at
room temperature for 5 min, followed by washing with D-PBS and centrifugation at 400 x g, 4 °C, for 5
min. The final cell pellet was resuspended in RPMI 1640 medium and kept on ice. Cell concentration and
viability were assessed using AO/PI staining and a Countstar cell counter. Cell suspensions were
adjusted to a target concentration of 500-1,500 cells/pL, with cell viability > 80%, aggregation rate < 25%,
and nucleated cell proportion in the suspension > 60%. Prepared cell suspensions were maintained on
ice and subjected to single-cell capture within 30 min. When necessary, dead cells were further removed
using the MACS® Dead Cell Removal Kit (Miltenyi Biotec, cat. no. 130-090-101) according to the
manufacturer’s instructions.

Single-cell capture, library preparation, and sequencing.

Single-cell suspensions were analyzed for viability and cell count prior to library construction. Single-cell
capture, barcoding, and library preparation were performed using the SeekOne Digital Droplet System
(MOO01A, SeekBio) and the SeekOne® DD Single-Cell 3' Transcriptome Kit (v2.3) according to the
manufacturer’s instructions. Cells were adjusted to 700-1,200 cells/pL, and approximately 20,000 cells
were loaded per chip to generate Gel Beads-in-Emulsion (GEMs). Following reverse transcription, GEMs
were broken for cDNA recovery, amplification, and purification. Amplified cDNA was fragmented, end-
repaired, adapter-ligated, and PCR-amplified. Final libraries were quantified using a Qubit dsDNA HS
Assay Kit and their fragment size distribution was assessed using Qsep100 High-Sensitivity DNA Chips.
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Paired-end 150-bp sequencing was performed on the DNBSEQ-T7RS platform (MGI) or NovaSeq 6000
(Illumina).

Data preprocessing

Single-cell data analysis was performed using Seurat v5.3.0. Initial quality control involved filtering cells
based on the following criteria: 1) more than 3 expressed cells,2) fewer than 200 total genes, 3)
mitochondrial/ribosomal genes comprising over 20% of total gene expression, and 4) fewer than 200 or
more than 10,000 detected RNA features. The "NormalizeData" function was employed to perform library
size normalization and obtain normalized counts. Specifically, the "LogNormalize" method adjusted the
gene expression measurements for each cell based on total expression, multiplied by a default scaling
factor of 10,000, and log-transformed the results. Highly variable genes were identified using
FindVariableFeatures, and the top 2,000 highly variable genes were used for downstream analyses. To
remove batch effects in the scRNA-seq data, we utilized "harmony". The 30 top principal components
were calculated based on the gene expression profiles of the highly variable genes. We selected an
appropriate resolution for the "FindNeighbors" and "FindClusters" functions to perform cell clustering. In
the integrated atlas shown in this study, clustering was performed at a resolution of 0.8. The "RunUMAP"
function was used to visualize the initial clustering. We annotated the cells using the following canonical
marker genes: endothelial cells (PECAM1, VWF), neutrophils (NAMPT, FCGR3B), dendritic cells (CD1A,
HLA-DRA), T cells (CD3D, CD8A, CD4), NK cells (NKG7, GNLY, CD160), epithelial cells (EPCAM, KRTS,
KRT18), fibroblasts (C1R, COL1A2, DCN, PDGFRA), B cells (CD79A), mast cells (TPSAB1, MS4A2), and
monocytes (CD14, VCAN, FCGR3A, FCN1), macrophages (CD68, CD163, C1QB)[16]. Using the
"FindAllMarkers" function in Seurat, we identified marker genes for each cluster, focusing only on
positive markers relative to all other cells.

Patient samples

This study was approved by the Ethics Committee of Zhejiang Cancer Hospital and conducted in
accordance with institutional ethical standards (IRB-2024-1085 (IIT)). Patients were classified into Naive,
Response, and Non-Response groups according to radiotherapy exposure and clinical response criteria
as defined in this study. Written informed consent was obtained from all patients prior to sample
collection.

Subclustering of epithelial cells and definition of TROP2-based groups

Annotated epithelial cells were extracted from the integrated Seurat object and reanalyzed separately to
resolve intra-epithelial heterogeneity. Tumor epithelial subclusters were identified by graph-based
clustering and visualized by UMAP. Based on TACSTD2 expression across epithelial subclusters,
malignant epithelial cells were classified into TROP2-high, TROP2-medium, and TROP2-low groups. For
downstream binary analyses, cells assigned to the TROP2-high and TROP2-medium groups were merged
and defined as TROP2" epithelial cells, whereas TROP2-low cells were defined as TROP2™ epithelial cells.
The relative abundance of these epithelial groups was compared across Naive, Response, and Non-
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Response tumors. This TROP2-based binary grouping was used for downstream differential expression,
pathway enrichment, and signaling activity analyses.

The copy number variation (CNV) analysis

The CNV evaluation of the epithelial cell subcluster in the tumor group was conducted using the
"infercnv" R package (version 3.2.0) on the chromosome.We selected myeloid and CD8 T cells from
normal adjacent tissue as references, setting the parameters denoise = TRUE and a cutoff value of 0.1,
while keeping the remaining parameters at their defaults for the inferCNV analysis.

Enrichment analyses

Differential expression analysis between TROP2* and TROP2™ epithelial cells was performed using the
FindMarkers function in Seurat. Differentially expressed genes were identified using the Wilcoxon rank-
sum test with min.pct = 0.1 and logfc.threshold = 0.25. For downstream enrichment analyses,
significantly altered genes were further filtered using an adjusted P value < 0.05 and an absolute log2
fold change > 0.5. The clusterProfiler R package (version 4.18.4) was used to assess differential
enrichment of KEGG and GO pathways between TROP2* and TROP2" epithelial cells. The PROGENy R
package (version 1.28.0) was used to infer pathway activity. The UCell R package (version 2.8) was
applied to calculate enrichment scores for the HALLMARK_EMT and GOBP_CELL_MIGRATION gene sets
in epithelial cells.

Trajectory analyses

Trajectory analysis was performed using the Monocle2 R package (version 2.4.0) on TROP2" and
TROP2™ epithelial cells. Genes for trajectory inference were selected using the dispersionTable function,
and only genes with a mean expression =0.1 were retained. Dimensionality reduction was performed
using the reduceDimension function with the DDRTree method, with max_components = 3 and num_dim
= 20. The CytoTRACE R package (version 0.3.3) was used to support root assignment in the pseudotime
analysis. To identify genes associated with branch-dependent cell states, BEAM analysis was performed,
and genes with a q value <0.01 were hierarchically clustered. Gene modules were further grouped using
the ClusterGVis R package (version 0.1.2) with num_clusters = 4. GO enrichment analysis was
subsequently performed to characterize the functional significance of the identified gene clusters.

Cell communication analysis of TROP2* malignant epithelial cells

The CellChat R package (version 2.1) was used to analyze global cell communication patterns between
TROP2* and TROP2" epithelial cells. Subsequently, the MultiNicheNet R package (version 2.0.1) was
applied to prioritize ligand—receptor interactions enriched in TROP2* epithelial cells. The NicheNet R
package (version 2.2.0) was further used to infer downstream target genes associated with prioritized
ligands, with JAK2 identified as a high-confidence target of HBEGF signaling.

Page 7/35



Cell culture

Human CRC cell lines HCT8, HCT15, HCT116, HT29, SW480, SW620, and RKO were used for baseline
expression analysis, whereas SW480, HCT116, and a radioresistant derivative of HCT116 cells (HCT116
RR) were used for functional validation. Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, and maintained at
37 °C in a humidified incubator with 5% CO,.

Irradiation

For irradiation experiments, cells were exposed to graded doses of ionizing radiation ranging from 0 to 6
Gy. For radiation-induction experiments, HCT116 cells were harvested at serial time points from 1 to 48 h
after irradiation at 2, 4, or 6 Gy. For drug treatment experiments, cells were treated with Trodelvy either
alone or in combination with irradiation. In apoptosis assays, Trodelvy was used at 50 ng/mL in
combination with 4 Gy irradiation.

Lentiviral constructs and transduction

To knock down TACSTD2, shRNA sequences targeting TACSTD2 were cloned into the pLKO.1-puro
vector, while a non-targeting shRNA served as the negative control. The shRNA target sequences used in
this study are listed in Supplementary Table S1. For overexpression studies, the full-length coding
sequence of TACSTD2 was inserted into the pCDH-CMV-MCS-EF1-copGFP-T2A-Puro lentiviral
expression vector, and the corresponding empty vector served as the control[17]. For lentiviral particle
generation, 293T cells were co-transfected with the lentiviral transfer vector together with the packaging
plasmids psPAX2 and pMD2.G using LipoX Plus Reagent. Viral supernatants were collected 48 h after
transfection and used to infect target colorectal cancer cells. Following viral infection, stable polyclonal
cell populations were established by puromycin-based antibiotic selection and validated by western
blotting prior to downstream experiments.

Western blotting

Western blotting was performed according to a standard protocol. Briefly, whole-cell lysates were
prepared using RIPA lysis buffer supplemented with protease inhibitors, and protein concentrations were
determined using a BCA protein assay kit. Equal amounts of protein were separated by SDS-PAGE and
transferred onto PVDF membranes. Membranes were blocked with 5% non-fat milk and incubated
overnight at 4 °C with primary antibodies, including anti-TROP2 antibody (cat. no. ab214488) and, where
indicated, anti-phospho-Histone H2A.X (S139) antibody (cat. no. ab81299), followed by incubation with
HRP-conjugated secondary antibodies. B-actin was used as the loading control. Signals were detected
using an enhanced chemiluminescence (ECL) system.

Immunofluorescence

Page 8/35



Cells were seeded onto confocal imaging dishes and cultured overnight. The cells were then fixed with
4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 for 15 min, and blocked with 5%
bovine serum albumin (BSA) for 1 h at room temperature. Cells were subsequently incubated with anti-
TROP2 primary antibody overnight at 4 °C, followed by incubation with fluorophore-conjugated
secondary antibodies for 1 h at room temperature in the dark. Nuclei were counterstained with DAPI, and
images were acquired using a Leica confocal microscope.

Colony formation assay

Radiosensitivity was assessed by clonogenic survival assay. Cells were seeded into 6-well plates at
appropriate densities according to the radiation dose and allowed to attach overnight. Cells were then
exposed to 0, 2, 4, or 6 Gy ionizing radiation and cultured for 10 days to allow colony formation. Colonies
were fixed with 4% paraformaldehyde and stained with 1% crystal violet. Colonies containing at least 50
cells were counted as surviving colonies. Plating efficiency (PE) was calculated as the number of
colonies formed divided by the number of cells seeded, and the surviving fraction (SF) at each radiation
dose was calculated by normalizing to the plating efficiency of the non-irradiated control. Clonogenic
assays were used to compare intrinsic radiosensitivity across CRC cell lines and to evaluate the effects
of TACSTD2 knockdown or overexpression on radiation response. Survival curves were plotted using
GraphPad Prism according to standard radiobiological Animal experiments[18].

Animal models

All animal experiments were performed in accordance with institutional guidelines and approved by the
relevant animal ethics committee. HCT116 WT or HCT116 RR cells were subcutaneously injected into
the flanks of immunodeficient mice. When the average tumor volume reached approximately 100 mmsg,
mice were randomly assigned to treatment groups. Tumor-bearing mice received local irradiation at 8 Gy
per fraction for three consecutive days, Trodelvy at 25 mg/kg three times per week, or the combination
of irradiation and Trodelvy[19, 20]. Tumor length and width were measured every 2—3 days using
calipers, and tumor volume was calculated using the formula: volume = length x width? / 2. At the study
endpoint, tumors were harvested, photographed, and subjected to downstream analysis where
applicable.

Drug response and synergy analysis

To evaluate the combined effect of Trodelvy and irradiation, HCT116 cells were treated with increasing
concentrations of sacituzumab govitecan in combination with graded doses of ionizing radiation, as
shown in the response-surface analysis in the Results. The resulting cell viability matrix was analyzed
using Combenefit 2.021 according to the Bliss, highest single agent (HSA), and Loewe reference models,
and response-surface plots were generated to visualize combination effects[15].

Flow cytometric analysis of cell cycle and apoptosis
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Cell-cycle distribution and apoptosis were analyzed by flow cytometry. For cell-cycle analysis, CRC cells
were treated with irradiation, Trodelvy, or their combination as indicated. After treatment, cells were
harvested, washed twice with PBS, and fixed in 70% ice-cold ethanol at 4 °C overnight. Fixed cells were
then washed with PBS and incubated with RNase A-containing propidium iodide (PI) staining solution
according to the manufacturer’s instructions. Samples were analyzed by flow cytometry. Debris and cell
aggregates were excluded using FSC/SSC gating and single-cell discrimination based on PI-A versus PI-
H parameters. DNA-content histograms were modeled using ModFit LT 5.0, and the proportions of cells
in GO/G1, S, and G2/M phases were quantified. Quantitative results were summarized from three
independent replicates and plotted using GraphPad Prism. For apoptosis analysis, wild-type HCT116 and
radioresistant HCT116 RR cells were treated with 4 Gy irradiation, Trodelvy at 50 ng/mL, or the
combination of both. After 72 h of treatment, cells were harvested, washed twice with PBS, and stained
using an Annexin V-FITC/PI apoptosis detection kit according to the manufacturer’s instructions.
Samples were analyzed on a Sony flow cytometer, and apoptotic fractions were quantified using FlowJo
software. FITC-/PI- cells were considered viable cells, FITC*/PI- cells were considered early apoptotic
cells, and FITC*/PI* cells were considered late apoptotic or dead cells. The total apoptotic fraction was
calculated as the sum of early and late apoptotic cells.

Statistical analysis

All statistical analyses were conducted using R (version 4.3.0) and Graphpad Prism 7 (version 7.0).
UMAP was used for dimensionality reduction analysis. Wilcoxon test was used to compare differences
between two groups, while Kruskal-Wallis's test was used to compare differences among multiple
groups. Survival curves were compared by log-rank test, and Cox proportional hazards models were used
for survival regression analyses. Statistical p-values were calculated as two-sided, with p < 0.05 deemed
statistically significant.

Results
sc-RNA profiling of CRC

The overall rationale and workflow of this study are summarized in Fig. 1A. Briefly, patient-derived single-
cell transcriptomes were used to identify a TROP2+ malignant epithelial population enriched in
radiotherapy non-responsive CRC. We then characterized this population as a terminally remodeled,
stress-adapted epithelial state, evaluated its functional role in radioresistance, and tested whether
radiation-induced TROP2 expression could be therapeutically exploited using the TROP2-targeted
antibody-drug conjugate sacituzumab govitecan (Trodelvy) (Fig. 1A). To delineate the cellular
architecture associated with differential radiotherapy outcomes in colorectal cancer, we performed
single-cell RNA sequencing on CRC samples from three clinical groups, including Naive, Response, and
Non-Response tumors. After stringent quality control and integration, a total of 78,929 high-quality cells
were retained for downstream analysis[21]. Dimensionality reduction using the top 30 principal
components at a clustering resolution of 0.8 resolved the major cellular populations within the CRC
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microenvironment (Fig. 1B). Batch-corrected UMAP embedding showed effective batch mixing across
patients, supporting the comparability of downstream analyses across clinical groups (Fig. 1C).

Given the central role of epithelial plasticity in treatment response, we next examined the distribution of
TACSTD?2 across the integrated atlas. TROP2 expression was not uniformly distributed, but was instead
enriched in discrete epithelial regions of the UMAP, suggesting the presence of transcriptionally distinct
epithelial subpopulations (Fig. 1D). We then quantified the relative abundance of major cell
compartments across the three clinical groups and observed clear differences in epithelial,immune, and
stromal composition among Naive, Response, and Non-Response tumors (Fig. 1E). Canonical markers
for each cell type are shown in Fig. S1, their distribution across the UMAP is presented in Fig. 1F, and the
top markers for each population are shown in Fig. S2. Together, these data establish a single-cell atlas of
CRC under radiotherapy and identify a TROP2-enriched epithelial compartment as a candidate
population associated with treatment response and tumor evolution.

TROP2* malignant epithelial cells are enriched in
radiotherapy non-responsive CRC and associated with
adverse outcome

Because the integrated atlas pointed to epithelial heterogeneity as a prominent feature of radiotherapy-
associated variation, we next focused specifically on the epithelial compartment. Epithelial cells were
subsetted for re-clustering, revealing multiple transcriptionally distinct epithelial subclusters (Fig. 2A). To
determine their malignant nature, we performed inferCNV analysis using CD8" T cells and Myeloid cells
from matched adjacent normal tissues as references. This analysis demonstrated marked copy-number
alterations across multiple epithelial subclusters, whereas reference populations showed minimal CNV
signal, validating the malignant identity of the epithelial populations and revealing heterogeneity in
genomic instability across subclusters (Fig. 2B and C).

We then compared epithelial subcluster distributions across Naive, Response, and Non-Response
tumors. Non-Response tumors were preferentially enriched for specific epithelial states, suggesting that
radiotherapy-resistant tumors harbor distinct epithelial programs (Fig. 2D). Because TROP2 expression
had already emerged as a prominent feature of the epithelial compartment in the integrated atlas, we
next mapped TACSTD2 expression across epithelial subclusters. TACSTD2 expression was highly
concentrated in cluster 6 and present at an intermediate level in cluster 1, whereas other epithelial
subclusters showed minimal expression (Fig. 2E-G). Based on this distribution, cluster 6 was defined as
the TROP2-high population, cluster 1 as the TROP2-medium population, and the remaining epithelial
subclusters as TROP2-low populations. For downstream binary analyses, TROP2-high and TROP2-
medium cells were collectively defined as TROP2* malignant epithelial cells, whereas TROP2-low cells
were defined as TROP2- malignant epithelial cells. Importantly, the proportion of TROP2* malignant
epithelial cells was markedly increased in non-response tumors, whereas response tumors contained

only a minor TROP2" fraction (Fig. 2H).
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To assess the clinical relevance of this TROP2-associated epithelial state, we analyzed bulk TCGA-COAD
data. Kaplan—Meier analysis showed that patients with high TACSTD2 expression had significantly
worse overall survival than those with low TACSTD2 expression (log-rank P = 0.011; Fig. 2I). Cox
regression analysis further supported elevated TACSTD2 expression as an adverse prognostic factor. In
parallel, differential expression analysis demonstrated marked transcriptional divergence between
TROP2* and TROP2™ malignant epithelial cells (Fig. 2J). Together, these findings indicate that CRC
contains transcriptionally and genomically distinct epithelial populations, and that TROP2*™ malignant
epithelial cells define a clinically relevant malignant state enriched in radiotherapy non-responsive
tumors[9].

TROP2* malignant epithelial cells occupy a terminally
remodeled state with enhanced translational and
metabolic activity

Having identified TROP2* malignant epithelial cells as a treatment-relevant epithelial population, we next
sought to define their biological properties. KEGG enrichment analysis showed that TROP2* malignant
epithelial cells were enriched for cornified envelope formation and oxidative phosphorylation (Fig. 3A).
Gene Ontology analysis further revealed enrichment of cytoplasmic translation, epidermis development,
keratinocyte differentiation, and ribosome biogenesis (Fig. 3B), suggesting that TROP2* malignant
epithelial cells are characterized by enhanced translational activity and keratinocyte-like remodeling.
Consistently, supplementary GSVA and enrichment analyses further showed that TROP2-associated
epithelial subgroups exhibited broad differences in HALLMARK pathway activity, including cell-cycle-,
stress-response-, metabolic-, and apoptosis-related programs (Supplementary Fig. S3 and S4). Extended
GO and KEGG analyses provided additional support for the enrichment of epithelial remodeling,
metabolic, and stress-adaptive pathways in the TROP2-associated state (Supplementary Fig. S5 and S6).

To explore upstream signaling activity, we performed PROGENy analysis and found that TROP2*
malignant epithelial cells exhibited increased activation of EGFR, p53, MAPK, TGF-B, TNF-a, and JAK-
STAT pathways relative to TROP2™ malignant epithelial cells (Fig. 3C). In addition, UCell-based scoring
revealed modest but consistent enrichment of EMT- and migration-related signatures in TROP2*
malignant epithelial cells (Fig. 3D and E), suggesting that this population retains features of partial
epithelial plasticity and enhanced migratory potential. Collectively, these results indicate that TROP2*
malignant epithelial cells are not simply defined by marker expression, but instead represent a distinct
epithelial program characterized by enhanced translational activity, keratinocyte-like remodeling, and
oxidative metabolism.

To determine the position of TROP2* malignant epithelial cells along the epithelial differentiation
continuum, we performed pseudotime analysis. This reconstruction resolved a branched epithelial
trajectory (Fig. 3F and G). CytoTRACE scoring indicated that the highest differentiation potential was
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located around the intermediate region near the branch point rather than at the earliest pseudotime
positions (Fig. 3H), suggesting that the epithelial hierarchy in this dataset does not conform to a simple
early-to-late linear stemness model.

Mapping TROP2* and TROP2™ malignant epithelial cells onto the trajectory revealed a striking spatial
segregation. TROP2™ malignant epithelial cells occupied multiple early and intermediate states spanning

pseudotime 0—12, whereas TROP2" malignant epithelial cells formed a highly concentrated terminal
cluster around pseudotime 15-18 (Fig. 3H and I). Density analysis further showed a sharp unimodal
peak of TROP2 expression specifically within the 15-18 pseudotime window, with little to no signal in
earlier states (Fig. 3J). These findings support the view that TROP2* malignant epithelial cells
correspond to a differentiated, metabolically active, and injury-responsive terminal state rather than a
classical early stem-like compartment.

To further characterize branch-dependent transcriptional programs associated with the trajectory
leading to the TROP2* terminal state, we performed BEAM analysis along the epithelial trajectory. Four
gene modules associated with distinct branch dynamics were identified (Fig. 3K). Module 4 was
enriched for epidermis development and keratinocyte differentiation, consistent with terminal epithelial
remodeling. Module 3 captured metabolic and growth-regulatory programs, whereas Module 2 was
associated with vesicle-mediated transport and RNA processing. Module 1 was characterized by
ribosomal and translational machinery. Together, these findings suggest that TROP2* malignant
epithelial cells occupy a terminal epithelial state characterized by enhanced translation, metabolic
activation, and keratinization-related remodeling during CRC epithelial evolution.

Cell communication characteristics of TROP2* malignant
epithelial cells

Because terminal epithelial states often depend on sustained microenvironmental support, we next
investigated whether TROP2 status was associated with altered cell communication. Using
MultiNicheNet algorithm, we found that TROP2 + malignant epithelial cells displayed both a higher
number of inferred interactions and stronger overall communication intensity than TROP2- malignant
epithelial cells (Fig. 4A and B), suggesting that the TROP2-associated epithelial state is embedded within
a more communication-active tumor microenvironment. Interaction mapping further showed that
TROP2* malignant epithelial cells exhibited particularly strong outgoing signaling toward fibroblasts,
endothelial cells, and myeloid populations (Fig. 4C).

At the ligand-receptor level, TROP2* malignant epithelial cells showed stronger signaling with fibroblasts
through the HBEGF-EGFR, CLCF1-LIFR, and CLCF1-IL6ST axes, together with higher inferred ligand
activity (Fig. 4D). Among these, HBEGF was robustly upregulated in TROP2* malignant epithelial cells,
and NicheNet identified JAK2 as a high-confidence downstream target, supporting activation of EGFR-
centered JAK/STAT inflammatory-survival signaling.. By contrast, CLCF1 showed only limited ligand-
target coupling and lacked clearly enriched downstream targets, suggesting that its contribution in this
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context may be indirect or weaker at the transcriptional level (Fig. 4E and F). These findings indicate that
TROP2* malignant epithelial cells occupy a signaling-active niche and that EGFR-centered fibroblast-
epithelial crosstalk may help reinforce survival, inflammation, and tissue remodeling in radiotherapy-
resistant CRC[22].

TROP2 promotes intrinsic radioresistance in CRC cells

To determine whether TROP2 is functionally contributes to radiotherapy resistance, rather than simply
marking a resistant epithelial state, we next performed in vitro validation in CRC cell models. Western
blot analysis across a panel of CRC cell lines revealed heterogeneous basal TROP2 expression, with
SW480 cells displaying the highest baseline abundance, whereas HCT8, HCT15, HT29, SW620, and RKO
cells exhibited low or undetectable levels (Fig. 5A). We then assessed clonogenic survival following
graded irradiation. Both SW480 cells and an HCT116 radioresistant derivative (HCT116 RR) showed
significantly higher surviving fractions than parental HCT116 cells across 0-6 Gy (Fig. 5B and D).
Consistently, immunofluorescence staining demonstrated markedly increased membrane TROP2
expression in HCT116 RR cells relative to wild-type HCT116 cells (Fig. 5C).

To further examine whether TROP2 expression influences cellular response to irradiation, we genetically
manipulated TROP2 expression in CRC cells. Stable shRNA-mediated knockdown of TACSTD2 in SW480
cells substantially reduced TROP2 protein levels (Fig. 5E and F), whereas lentiviral overexpression in
HCT116 cells markedly increased TROP2 abundance (Fig. 5H and I). Cell-cycle analysis further showed
that TACSTD2 knockdown in SW480 cells altered radiation-associated cell-cycle distribution, particularly
under irradiated conditions, whereas TROP2 overexpression in HCT116 cells reshaped cell-cycle
distribution following irradiation (Fig. 5G and J). These findings suggest that TROP2 expression is
associated with intrinsic radioresistance and may influence the cellular adaptation of CRC cells to
radiation-induced stress.

Radiation-induced TROP2 expression sensitizes CRC cells
to ADC treatment

Having established a functional role for TROP2 in intrinsic radioresistance, we next asked whether
irradiation itself regulates TROP2 and whether this induced state can be therapeutically exploited. Time-
course western blotting in HCT116 cells showed that TROP2 protein levels were dynamically induced
following exposure to 2, 4, or 6 Gy ionizing radiation, with gradual upregulation over 1-48 h that was
most pronounced at intermediate doses (Fig. 6A). Immunofluorescence staining further confirmed that 4
Gy irradiation markedly increased membrane-localized TROP2 in wild-type HCT116 cells relative to non-
irradiated controls (Fig. 6B). These results indicate that TROP2 is not only a pre-existing marker of
resistant epithelial states, but also an inducible component of the cellular response to radiation.

We next asked whether this radiation-induced TROP2 state could be therapeutically exploited using the
antibody—drug conjugate Trodelvy. Response-surface synergy analysis showed that increasing Trodelvy
concentration together with escalating radiation dose cooperatively reduced the viability of HCT116

Page 14/35



cells, consistent with a synergistic interaction between the two treatments (Fig. 6C). Flow-cytometric
apoptosis analysis further demonstrated that in both wild-type HCT116 and HCT116 RR cells, either 4 Gy
irradiation alone or Trodelvy alone induced only modest apoptosis, whereas the combination of 4 Gy plus
Trodelvy markedly increased apoptotic fractions (Fig. 6D-G). Notably, this effect was more pronounced in
the radioresistant HCT116 RR line. These data indicate that radiation not only induces TROP2
expression, but also renders CRC cells more vulnerable to ADC treatment, with Trodelvy acting as an
effective radiosensitizer particularly in TROP2-high, radioresistant CRC cells[23].

Genetic targeting of TROP2 and Trodelvy-based combination therapy suppress CRC radioresistance in
vitro and in vivo

To directly test the functional consequence of TROP2 gain or loss during radiation response, we next
performed clonogenic assays in genetically modified CRC cells. In HCT116 cells, TROP2 overexpression
increased clonogenic survival following irradiation compared with vector controls, supporting a role for
TROP2 in promoting radioresistance. Conversely, TACSTD2 knockdown in SW480 cells reduced
clonogenic survival after irradiation compared with negative-control cells, indicating that endogenous
TROP2 is required for maintaining the radioresistant phenotype in TROP2-high CRC cells (Fig. 7B and C).

We then examined whether pharmacological targeting of TROP2 with Trodelvy was accompanied by cell-
cycle redistribution under irradiation. Representative propidium iodide DNA-content histograms showed
distinct changes in G0/G1, S, and G2/M phase distribution after treatment with control, Trodelvy,
irradiation, or irradiation plus Trodelvy (Fig. 7D). Quantitative analysis confirmed treatment-associated
redistribution of cell-cycle phases, with Trodelvy-containing groups showing increased G2/M fractions
compared with control conditions and the combined treatment maintaining a redistributed profile under
irradiation (Fig. 7E). These data suggest that cell-cycle redistribution represents one component of the
cellular response associated with TROP2-targeted therapy and irradiation.

To determine whether the therapeutic interaction between irradiation and Trodelvy extends to in vivo
tumor control, we established CRC xenograft models using HCT116 WT and HCT116 RR cells. Once
tumors reached approximately 100 mm?, mice were randomized into treatment groups and treated with
local irradiation, Trodelvy, or the combination according to the experimental schedule (Fig. 7A). At the
study endpoint, tumors from the combination-treated group were visibly smaller than those from
irradiation alone or other treatment groups (Fig. 7F). In HCT116 WT xenografts, irradiation alone delayed
tumor growth and Trodelvy alone produced a moderate inhibitory effect, whereas the combination of
irradiation and Trodelvy resulted in the strongest suppression of tumor growth throughout the treatment
period (Fig. 7G). A similar but more striking pattern was observed in HCT116 RR xenografts, in which
irradiation alone only partially delayed tumor progression, while irradiation plus Trodelvy markedly
suppressed tumor growth (Fig. 7H).

These results demonstrate that TROP2 functionally promotes CRC radioresistance, while radiation-
induced or pre-existing TROP2 expression creates an ADC-targetable vulnerability that can be exploited
by combining radiotherapy with Trodelvy, including in radioresistant CRC xenograft models.
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Discussion

Radiotherapy remains a cornerstone in the management of colorectal cancer, yet intrinsic and acquired
resistance continues to limit its clinical efficacy. Although prior studies have largely emphasized
genomic alterations or bulk transcriptional signatures associated with radioresistance, the malignant
epithelial states and microenvironmental interactions that sustain this phenotype have remained
insufficiently defined[24]. By integrating single-cell transcriptomics with functional validation, our study
identifies TROP2* malignant epithelial cells as a clinically relevant epithelial population enriched in
radiotherapy non-responsive tumors and functionally linked to radiotherapy resistance[25].

A major conceptual advance of this study is that TROP2 does not simply label a resistant subset, but
rather marks a distinct epithelial state with coordinated biosynthetic, structural, and adaptive features.
TROP2" malignant epithelial cells were characterized by enhanced translational activity, ribosome
biogenesis, keratinocyte-like remodeling, and oxidative metabolism, collectively defining a metabolically
active and structurally reinforced phenotype[26]. This interpretation is consistent with emerging
evidence that mitochondrial energy metabolism, tumor hypoxia, and therapy-induced immune checkpoint
remodeling can shape radiotherapy response and influence the efficacy of radiosensitizing
strategies[27]. This state differs from the conventional view that treatment resistance is primarily driven
by stem-like or highly proliferative tumor populations. Instead, our data support the idea that
radiotherapy resistance in CRC may also emerge from a differentiated but stress-adapted epithelial state
with increased biosynthetic and repair capacity[28].

Trajectory-based analyses further positioned TROP2* malignant epithelial cells at the terminal end of the
epithelial continuum. Both pseudotime reconstruction and CytoTRACE analysis argued against a
classical progenitor-like identity and instead supported a terminally remodeled epithelial fate.
Importantly, branch-associated transcriptional programs indicated that this state is coupled to
keratinization, RNA processing, metabolic adaptation, and translational reinforcement[29]. Together,
these findings suggest that radioresistance in CRC is not exclusively linked to developmental immaturity,
but can also arise through alternative epithelial differentiation trajectories that culminate in a stress-
adapted terminal state.

Our results also indicate that this TROP2-associated epithelial state is not maintained solely by cell-
intrinsic programs[30]. Cell communication analyses identified strengthened fibroblast-epithelial
interactions, with HBEGF—EGFR signaling emerging as a prominent candidate axis and JAK?2 inferred as
a high-confidence downstream target. Given the established role of EGFR-centered signaling in epithelial
survival, inflammatory signaling, and DNA damage adaptation, these observations support a model in
which stromal-derived cues may help reinforce the resistant phenotype of TROP2* malignant epithelial
cells under therapeutic stress[31]. Because this axis was inferred from computational ligand-receptor
and target prediction analyses, further experimental validation will be required to define its causal
contribution.
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Functionally, our in vitro data move TROP2 beyond correlation and establish it as a contributor to the
resistant phenotype. Basal TROP2 expression correlated with intrinsic radioresistance across CRC cell
models, and HCT116 RR cells displayed higher TROP2 expression than parental HCT116 cells. Genetic
depletion of TACSTD2 increased radiosensitivity, whereas enforced expression conferred resistance,
indicating that TROP2 is not merely a passive marker of a pre-existing state. Equally important, ionizing
radiation itself induced TROP2 expression, suggesting that radiotherapy may actively reinforce or expand
this adaptive epithelial program. This inducibility provides a mechanistic bridge between treatment
exposure and the emergence of resistant cell states, and may help explain how initially heterogeneous
tumors become enriched for therapy-tolerant epithelial populations during treatment.

From a translational perspective, the most clinically actionable implication of our study is that the same
epithelial state associated with radiation resistance also exposes a therapeutic vulnerability[32]. Trodelvy
synergized with irradiation, enhanced apoptosis, altered treatment-associated cell-cycle distribution, and
suppressed tumor growth in xenograft models, particularly in radioresistant CRC[33]. These findings
suggest a potentially useful therapeutic logic: radiotherapy may induce or enrich a TROP2-high adaptive
state, whereas ADC treatment may then preferentially target this otherwise resistant population[18]. In
this sense, TROP2 represents both a mechanistic determinant of resistance and a therapeutic entry point
for combination strategies[34].

Our findings support a model in which radiotherapy resistance in CRC is mediated, at least in part, by the
emergence of a TROP2-associated, terminally remodeled epithelial state sustained by both intrinsic
transcriptional programs and extrinsic microenvironmental cues[35]. Enhanced biosynthetic activity,
structural reinforcement, adaptive signaling, and inducible TROP2 expression together may allow these
cells to better tolerate genotoxic stress. This model not only expands the biological framework through
which CRC radioresistance can be understood, but also provides a mechanistic rationale for combining
radiotherapy with ADC-based treatment to overcome adaptive resistance[36].

Several limitations should be acknowledged. First, the number of patient samples analyzed at single-cell
resolution remains limited, and larger cohorts will be necessary to establish the robustness and
generalizability of the identified epithelial state. Second, although our analyses implicate fibroblast-
associated signaling and the HBEGF-EGFR-JAK2 axis, these interactions were inferred computationally
and require direct functional validation. Third, although the combination of radiotherapy and Trodelvy
showed encouraging activity in cell and xenograft models, additional studies are needed to define
optimal treatment scheduling, dose dependence, toxicity, and clinical applicability[26]. Finally, the precise
downstream molecular mechanisms by which TROP2 regulates DNA damage tolerance, cell-cycle
adaptation, and apoptotic response remain to be further dissected[37, 38].

In conclusion, this study identifies a TROP2-associated epithelial state as a mechanistic basis and
therapeutic vulnerability of radiotherapy resistance in CRC[39, 40]. These findings provide a framework
for understanding how epithelial plasticity, stromal support, and treatment-induced adaptation converge
to shape radiotherapy response, and they support further evaluation of radiotherapy—ADC combination
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strategies in resistant CRC[41]. Nevertheless, the clinical efficacy of TOP1 inhibitor-based ADCs may be
constrained by target heterogeneity, multidrug resistance, and payload-related resistance, and next-
generation ADC platforms using alternative TOP1 payloads such as exatecan have shown the potential
to overcome resistance in colon and lung cancer models[15, 42].
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Single-cell transcriptomic atlas and working model of TROP2-associated radiotherapy resistance in

colorectal cancer.
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(B) UMAP visualization of the integrated single-cell transcriptomic atlas showing major annotated cell
populations in colorectal cancer specimens, including epithelial cells, T cells, plasma cells, B cells,
myeloid cells, endothelial cells, fibroblasts, mast cells, neutrophils, and other stromal or immune
compartments.

(C) UMAP plot colored by individual sample, showing integration of cells across patient specimens.
(D) Feature plot showing TACSTD2 expression across the integrated single-cell atlas.

(E) Stacked bar plot showing the relative proportions of major cell types across Naive, Response, and
Non-Response groups.

(F) Feature plots showing the expression patterns of representative lineage marker genes across the
integrated UMAP.
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Figure 2

Identification of TROP2* malignant epithelial cells enriched in radiotherapy non-responsive colorectal
cancer.

(A) UMAP visualization of re-clustered epithelial cells, showing transcriptionally distinct epithelial
subclusters.
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(B) inferCNV heatmap showing inferred copy-number variation patterns across epithelial subclusters,
with reference populations used to distinguish malignant epithelial cells from non-malignant cells.

(C) Box plot showing CNV scores across epithelial subclusters and reference cells.

(D) Stacked bar plot showing the relative abundance of epithelial subclusters across Naive, Response,
and Non-Response groups.

(E) Violin plot showing TACSTD2 expression across epithelial subclusters.
(F) Feature plot showing TACSTD2 expression across the epithelial UMAP.
(G) Dot plot showing TACSTD2 expression and detection frequency across epithelial subclusters.

(H) Bar plot showing the proportion of TACSTD2/TROP2-positive malignant epithelial cells across
clinical groups.

() Kaplan—Meier overall survival analysis of TCGA-COAD patients stratified by TACSTD2 expression.

(J) Heatmap showing differentially expressed genes associated with TROP2* malignant epithelial cells
across clinical groups.

Page 25/35



KEGG Pathway enrichment GO Pathway enrichment L 1 §
] — e :
£ Outaie prsphaytin g §
: 5 s [ i
& Non-alcoholic faty ve disease { & s
: G I N :
J— : i
1 ENF R 3
o mocesronn I SHE TR
3 H ) [ 10 20 0 3
~logyg(pvalue) ~logio(pvalue) 1-5 o '.!%;
D HALLMARK_EMT E GOBP_CELL_MIGRATION F ., G .
R 4
25 25
020 e - Pseudotime State
H = F o0
. ots £ oo 1 g o -3
o . &
ot 010
25 .
w A\
o0s
= 7 T )
000 Component 1 Component 1
H . -
25 25
o CyloTRACE2 Score
g 08 E TROP2_bin
g oo 04 8 oo [ TRoPz
£ £ I~ nonTROP2
3 02 3
25 25
B3 T 3 K3 3
Component 1
< keratinocyte differentiation
o) epidermal cell differentiation
keratinization
monosaccharide metabolic process
. Ll hexose metabolic process
3] _/’\ small GTPase-mediated signal transduction
regulation of cell growth
Z-score
Iz
1
0
i—1
=2

Gene Size: 1689

Gene Size: 909

c1

A

post-Golgi vesicle-mediated transport
Golgi vesicle transport
regulation of RNA splicing

st-emt i

cytoplasmic translation

ribosome biogenesis
ribosome assembly
ribosomal small subunit biogenesis

Figure 3

TROP2* malignant epithelial cells occupy a terminally remodeled and stress-adapted epithelial state.

(A) KEGG pathway enrichment analysis of genes upregulated in TROP2* malignant epithelial cells
compared with TROP2- malignant epithelial cells.
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(B) Gene Ontology biological process enrichment analysis of genes upregulated in TROP2* malignant
epithelial cells.

(C) Heatmap showing inferred pathway activity or signaling-related transcriptional programs associated
with the TROP2* malignant epithelial state.

(D) UCell score comparison of the HALLMARK_EMT signature between TROP2*+ and TROP2- malignant
epithelial cells.

(E) UCell score comparison of the GOBP_CELL_MIGRATION signature between TROP2+ and TROP2-
malignant epithelial cells.

(F) Monocle-based pseudotime trajectory of malignant epithelial cells colored by pseudotime.
(G) Pseudotime trajectory colored by cell state.

(H) Distribution of CytoTRACE scores along the epithelial trajectory.

(I) Mapping of TROP2* and TROP2- malignant epithelial cells onto the epithelial trajectory.

(J) Density plot showing the distribution of TROP2* and TROP2- malignant epithelial cells along
pseudotime.

(K) Heatmap showing branch-dependent gene expression modules identified along the epithelial
trajectory, with representative enriched biological processes annotated for each module.
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Figure 4

Cell communication analysis reveals enhanced fibroblast-associated paracrine signaling in TROP2*

malignant epithelial cells.

(A) Bar plots comparing the total number and overall strength of inferred cell-cell interactions between

TROP2* and TROP2- malignant epithelial cells.
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(B) Heatmap showing differential interaction strength and differential number of interactions between
TROP2* or TROP2- malignant epithelial cells and other cell populations in the tumor microenvironment.

(C) Circle plots showing inferred communication networks between TROP2+* or TROP2- malignant
epithelial cells and major stromal, immune, and endothelial compartments.

(D) Dot plots summarizing prioritized ligand—receptor interactions, ligand activity, receptor activity, ligand
expression, receptor expression, and target specificity associated with TROP2* malignant epithelial cells.

(E) Violin plots showing expression levels of representative ligands, including HBEGF and CLCF1, in
TROP2* and TROP2- malignant epithelial cells.

(F) Heatmap showing predicted downstream target genes associated with prioritized ligands.
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Figure 5

TROP2 expression correlates with intrinsic radioresistance and radiation-associated cell-cycle
redistribution in colorectal cancer cells.

(A) Western blot analysis of basal TROP2 protein expression across a panel of colorectal cancer cell
lines. B-actin was used as the loading control.
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(B) Clonogenic survival curves of HCT116 WT, HCT116 RR, and SW480 cells following exposure to
graded doses of ionizing radiation.

(C) Immunofluorescence staining showing TROP2 expression in HCT116 WT and HCT116 RR cells. DAPI
was used for nuclear staining. Magnified regions are indicated by red boxes.

(D) Representative clonogenic formation images of HCT116 WT, HCT116 RR, and SW480 cells after
exposure to 0, 2, 4, or 6 Gy irradiation.

(E) Western blot validation of TROP2 knockdown in SW480 cells expressing control shRNA or two
independent TACSTD2-targeting shRNAs.

(F) Quantification of TROP2 protein expression in SW480 control and knockdown cells, normalized to B-
actin.

(G) Flow-cytometric analysis of cell-cycle distribution in SW480 control and TACSTD2-knockdown cells
under non-irradiated and irradiated conditions.

(H) Western blot validation of TROP2 overexpression in HCT116 cells.

() Quantification of TROP2 protein expression in HCT116 vector-control and TROP2-overexpressing
cells, normalized to B-actin.

(J) Flow-cytometric analysis of cell-cycle distribution in HCT116 control and TROP2-overexpressing cells
under non-irradiated and irradiated conditions.
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Figure 6

Radiation-induced TROP2 expression creates a therapeutic vulnerability to Trodelvy.

(A) Western blot analysis showing dynamic changes in TROP2 protein expression in HCT116 cells at
indicated time points after exposure to 2, 4, or 6 Gy ionizing radiation. B-actin was used as the loading
control.
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(B) Immunofluorescence staining showing TROP2 expression in HCT116 WT cells under non-irradiated
conditions and after 4 Gy irradiation. DAPI was used for nuclear staining. Magnified regions are shown.

(C) Response-surface analysis showing the combined effect of graded irradiation and increasing
concentrations of sacituzumab govitecan (Trodelvy) on HCT116 cell viability. The response surface
illustrates the interaction between irradiation dose and Trodelvy concentration.

(D) Representative Annexin V-FITC/PI flow-cytometry plots of apoptosis in HCT116 WT cells treated with
control, 4 Gy irradiation, Trodelvy, or the combination of irradiation and Trodelvy.

(E) Quantification of apoptotic rates in HCT116 WT cells under the indicated treatment conditions.

(F) Representative Annexin V-FITC/PI flow-cytometry plots of apoptosis in HCT116 RR cells treated with
control, 4 Gy irradiation, Trodelvy, or the combination treatment.

(G) Quantification of apoptotic rates in HCT116 RR cells under the indicated treatment conditions.
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A
| Schematic diagram of the in vivo experimental design
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Genetic and pharmacological targeting of the TROP2 axis enhances radiosensitivity and improves in vivo

tumor control.

(A) Schematic diagram of the in vivo experimental design. Tumor cells were subcutaneously implanted
into mice. When tumors reached approximately 100 mm?3, mice were randomized into treatment groups
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and treated with local irradiation, Trodelvy, or the combination. Tumor volume was measured every 2-3
days until the study endpoint.

(B) Representative clonogenic formation images of HCT116 vector-control and TROP2-overexpressing
cells, as well as SW480 control and TACSTD2-knockdown cells, following exposure to 0, 2, 4, or 6 Gy
irradiation.

(C) Clonogenic survival curves showing the effects of TROP2 overexpression in HCT116 cells and
TACSTD2 knockdown in SW480 cells on radiosensitivity.

(D) Representative propidium iodide DNA-content histograms showing cell-cycle distribution in CRC cells
treated with control, Trodelvy, irradiation, or irradiation plus Trodelvy. The proportions of cells in GO/G1, S,
and G2/M phases are indicated.

(E) Quantitative stacked bar plot showing the proportions of cells in G0O/G1, S, and G2/M phases under
the indicated treatment conditions.

(F) Representative images of excised xenograft tumors collected at the study endpoint after the
indicated treatments.

(G) Tumor growth curves of HCT116 WT xenografts treated with control, Trodelvy, irradiation, or
irradiation plus Trodelvy.

(H) Tumor growth curves of HCT116 RR xenografts treated with irradiation alone or irradiation plus
Trodelvy.
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