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Abstract 

Rationale: Castration-resistant prostate cancer (CRPC) remains incurable with current androgen deprivation therapies. Mutations in 
the Androgen Receptor (AR), splice variants such as AR-V7 that retain the N-terminal domain (NTD) of AR, along with significant 
intratumoral heterogeneity sustain AR signaling and drive therapeutic resistance. Consequently, the persistent AR⁺/PSA⁺ subpopulations 
keep supporting tumor growth and facilitates lineage plasticity. Therefore, therapies capable of degrading both full-length AR and AR 
variants while reprogramming the broader tumor ecosystem are critically needed. 
Methods: A potent UroA analog, ASR603 (3-hydroxy-8-methoxy-6H-dibenzo[b,d]pyran-6-one), was synthesized that bind and degraded 
the AR-NTD in CRPC cells. In vivo efficacy was evaluated in 22Rv1 xenografts in both castrated and noncastrated mice, as well as in a 
patient-derived xenograft (PDX) model treated orally with ASR603. Mechanistic investigations employed imaging mass cytometry 
(CyTOF), Visium-based spatial transcriptomics, mass spectrometry–based ubiquitinomics and spatially resolved mass spectrometry 
imaging (MSI) based metabolomics, as well as glycomics to characterize AR-dependent subpopulations, ubiquitination sites, and metabolic 
rewiring. 

Results: ASR603 selectively inhibited the viability and anchorage-independent growth of AR⁺ and AR-V7⁺ CRPC cells, including 
enzalutamide-resistant cells, while sparing nonmalignant RWPE-1 cells. ASR603 reduced the AR, AR-V7, and PSA expression confirming 
specific inhibition of the AR signaling. In both castrated and noncastrated 22Rv1 xenografts as well as PDX model, oral ASR603 
significantly inhibited tumor growth and decreased AR, PSA, and Ki-67 expression, demonstrating potent antitumor activity independent 
of systemic androgen levels. Single-cell imaging mass cytometry of PDX tumors demonstrated selective depletion of AR⁺/PSA⁺ luminal 
clusters, with concomitant reduction in HOXB13 expression but retention of E-cadherin. AR-low regions were characterized by high 
Hsp70, low Ki-67, and morphological disorganization, consistent with a stress-adapted, low-proliferative tumor state. Spatial 
transcriptomics identified an AR-low cluster with broad loss of AR targets and proliferation genes, as well as enrichment of autophagy, 
lysosomal, mTOR, and ubiquitin-mediated proteolysis pathways Mechanistic analyses demonstrated that ASR603 promotes ubiquitin–
proteasome mediated degradation of AR and AR-V7 via N-terminal ubiquitination sites (K301 and K313). ASR603 treatment was also 
associated with metabolic rewiring characterized by altered tryptophan and taurine related metabolites that inversely correlated with 
tumor burden. These findings indicate metabolic dysfunction in AR-depleted tumor regions. 

Conclusion: ASR603, an AR degrader, targeted N-terminal ubiquitination sites to eliminate AR⁺/PSA⁺ and AR-V7⁺ subpopulations 
thereby disrupting the AR-dependent luminal programs. These alterations induce an integrated stress response that reprograms CRPC 
tumors into a stress-adapted, metabolically dysfunctional, and structurally compromised state. These findings support AR-NTD directed 
degradation as a promising theranostic strategy for reshaping the CRPC tumor ecosystem and for defining metabolic response signatures 
in advanced prostate cancer. 
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Introduction 
Prostate cancer (CaP) incidence continues to 

increase by 3% and it was estimated 35,770 patients 
would die of this disease in 2025 [1, 2]. While most CaP 
patients initially respond to androgen deprivation 
therapy (ADT) [1, 3, 4], up to 40-50% of patients 
progress to a more aggressive, treatment-refractory 
form known as castration-resistant prostate cancer 
(CRPC) within 2–3 years of treatment [5-10]. 

A key driver of CRPC is the reactivation of 
androgen receptor (AR) signaling within the low-
androgen setting induced by ADT [11, 12]. This 
adaptation is often involves increased expression of 
AR splice variants, particularly AR-V7, which retains 
exon 1-3 along with a cryptic exon 3 that encompassing 
the N-terminal transactivation (NTD) and the DNA-
binding domain (DBD) but lacks the C-terminal 
ligand-binding domain (LBD) with exons 4-8 [13, 14]. 
These structural features allow AR-V7 to be 
constitutively localized in the nucleus and drive 
oncogenic transcriptional programs even in the 
absence of androgen [15, 16]. This activity facilitates 
tumor growth and confers resistance to standard 
antiandrogens, such as enzalutamide and abiraterone, 
which primarily target the AR LBD [13, 14, 17-19]. 

Beyond AR activity, CRPC tumors comprise 
diverse cellular subpopulations with varying lineage 
identities and proliferative potentials [20-22]. Among 
these cellular subpopulations, AR⁺/AR-V7+/Prostate 
Specific Antigen (PSA)+ luminal epithelial cells, 
although representing a minority population of the 
cells, serve as dominant drivers of AR-mediated 
oncogenic signaling [20, 23]. These cells maintain 
proliferative capacity while influencing neighboring 
cells through paracrine signaling [24-27] and 
metabolic alterations [28].  

Therapies that can simultaneously and 
effectively target AR and AR-V7-dependent signaling 
pathways are required in CRPC. One promising 
approach involves targeting the AR NTD, which is 
needed for transcriptional activity of full-length AR as 
well as AR-V7 [29-32]. However, the highly disordered 
and flexible nature of AR-NTD poses significant 
challenges in drug development. Among emerging 
small molecules, Urolithin A (UroA), a natural 
microbial metabolite derived from ellagic acid by gut 
microbiota, has shown promise as an AR signaling 
inhibitor [33-35]. UroA suppresses AR expression and 
impairs downstream transcriptional targets, resulting 
in inhibition of CRPC cell proliferation [33, 36]. 
Despite promising preclinical findings, clinical 
translation of UroA has been limited by poor plasma 
bioavailability, high dose requirements, and 
suboptimal potency [34]. 

To overcome these limitations, ASR603, a potent 
UroA-based analog, was developed to simultaneously 
degrade AR and AR-V7 with improved pharmacologic 
properties. Its impact on the tumor 
microenvironment’s transcriptional and metabolic 
landscape was analyzed. Using integrated single-cell 
proteomics, spatial transcriptomics, and metabolomic 
imaging, ASR603 was shown to target and deplete 
AR⁺/PSA⁺ luminal tumor cells inducing metabolic 
collapse and spatial reprogramming within the tumor 
microenvironment. These findings indicate that 
targeting AR-dependent niches is sufficient to drive 
significant tumor regression in CRPC, revealing new 
metabolic vulnerabilities that may be exploited by 
targeting AR-V7. This approach offers a potential 
theranostic strategy for overcoming AR-V7-driven 
proliferation through the multimodal disruption of 
CRPC tumor architecture.  

Methods  
ASR603 synthesis 

Synthesis of ASR603 (3-hydroxy-8-methoxy-
6H-dibenzo[b,d]pyran-6-one): ASR603 was 
synthesized following a previously reported method 
[37]. Briefly, 15 mL of water was added to a mixture of 
2-hydroxy-5-methoxybenzoic acid (15 mmol), 
resorcinol (29 mmol), and NaOH (29 mmol), and the 
mixture was refluxed for 30 min. A 5% CuSO4 solution 
(6.2 mL) was added, and the reaction mixture was 
further refluxed for 1 h. The reaction progress was 
monitored by TLC. After completion reaction mixture 
was maintained at room temperature followed with 
filtration and washing with water to obtain the crude 
material, which was purified with column 
chromatography (stationary phase: silica gel and 
mobile phase: 5% MeOH:CH2Cl2). The yield was 80%, 
and the material was a light orange solid (m.p 263–265 
°C, 1H NMR (500 MHz, DMSO-d6) d 10.21 (s, 1H), 8.21 
(d, J = 9.0 Hz, 1H), 8.09 (d, J = 9.0 Hz, 1H), 7.61 (s, 1H), 
7.59 (d, J = 8.5 Hz, 1H), 6.83 (d, J = 9.0 Hz, 1H), 6.75 (d, 
J = 2.5 Hz, 1H), 3.89 (s, 3H)). 

Cell lines, culture conditions, and reagents 
The LNCaP (AR⁺, PSA⁺; androgen-sensitive, 

localized-like CaP), C4-2B (AR⁺, bone-metastatic 
CRPC, derived from LNCaP), ENZ-C4-2B 
(enzalutamide-resistant C4-2B subline), 22Rv1 
(AR⁺/AR-V7⁺, androgen-independent CRPC), VCaP 
(AR⁺/ERG⁺, CRPC derived from vertebral metastasis), 
DU145 (AR⁻, PSA⁻; androgen-independent, brain 
metastasis), and RWPE-1 (nonmalignant human 
prostate epithelial cells) cell lines were used in this 
study. All cell lines were obtained from American 
Type Culture Collection (Manassas, VA, USA) or 
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ViroMed Laboratories (Minneapolis, MN, USA) and 
authenticated using STR profiling. Mycoplasma 
testing was performed routinely. The cells were 
cultured in RPMI-1640 medium or DMEM/F12 
(depending on the cell line) along with 10% fetal 
bovine serum (FBS) and 1% penicillin–streptomycin 
and maintained at 37°C with 5% CO₂. Cycloheximide 
(CHX), Dihydrotestosterone (DHT), chloroquine (CQ), 
and MG132 were purchased from Sigma (St. Louis, 
MO). Working concentrations of DHT (100nM), 
CHX/CQ (50 µM) and MG132 (10 µM) was used for 
experiments. 

Dose response assays 
For screening and dose–response experiments, 

the 5000 cells were seeded per well and incubated 
overnight in 96-well plates. The cells were then treated 
with ASR603 up to 12.5 µM or vehicle (0.1% DMSO) 
for 24 h. After treatment, MTT assay (Sigma) was 
performed for cell viability, following the 
manufacturer’s protocol. The absorbance (at 570 nm) 
was measured using a SpectraMax i3x plate reader 
(Molecular Devices), and the data were normalized to 
those of the vehicle control. Half-maximal inhibitory 
concentration (IC50) values were calculated using 
compusyn (ComboSyn, Inc.) and nonlinear regression 
analysis (four-parameter logistic model) in GraphPad 
Prism 9.0. Each experiment was performed in triplicate 
and repeated independently at least twice. 

Surface plasmon resonance (SPR) analysis 
SPR analysis was performed using a Biacore3000 

instrument (Cytiva). AR protein (110 kDa; 0.53 
mg/mL) was added to buffer containing 20 mM Tris-
HCl, 0.2 M NaCl, 10% glycerol, 10 mM DTT, and 
10 μM zinc acetate and then immobilized on a CM5 
sensor chip via standard amine coupling chemistry. 
Prior to analyte injection, the Biacore system was 
equilibrated and washed with PBS buffer containing 
0.5% (v/v) DMSO. ASR603 (molecular weight: 242.23 
kDa) was dissolved in ethanol or DMSO, and serial 
dilutions were prepared to obtain a range of analyte 
concentrations. The binding experiments were 
performed under the following conditions: an analyte 
injection contact time of 120 s, a dissociation phase of 
30 s, and a flow rate of 30 μL/min. A separate flow cell 
without immobilized protein served as a reference to 
account for nonspecific binding and refractive index 
changes. Sensorgrams were generated in real time and 
analyzed using BIAevaluation software (Cytiva) using 
default parameters, to determine kinetic parameters, 
including the association rate (ka), dissociation rate 
(kd), and equilibrium dissociation constant (KD). 
More details are provided in the supplementary 
methods. 

Western blotting and immunoprecipitation 
analysis 

The above-mentioned cells were plated into 6-
well culture dishes at approximately 2×105 cells/well. 
After overnight incubation, the cells were treated with 
ASR603 (at the respective IC50) and with DMSO as 
vehicle, in fresh medium. The cells were then lysed 24, 
48 and 72 h after treatment using lysis buffer (RIPA; 
Thermo Fisher Scientific; Cat# 89900), and complete 
protease inhibitor cocktail (Thermo Fisher Scientific; 
Cat# 87786) was added according to the 
manufacturer’s protocol. The cell lysates were 
incubated on ice for 30 min and centrifuged for 15 min 
at 12,000 g. The supernatant was harvested, and the 
total protein concentration obtained from the lysate 
was quantified using a Pierce BCA assay kit (Cat# 
23225: Thermo Fisher Scientific, CA, USA). Sample 
buffer (4X) was added to the cell lysates (40 µg), which 
were subsequently loaded onto 8–14% SDS–PAGE 
gels (Cat# 4561084; Bio-Rad, CA, USA). The proteins 
were electrotransferred onto polyvinylidene fluoride 
(PVDF) membranes (Cat# 1620177, Bio-Rad) and 
probed with antibodies mentioned in Supplementary 
Table 5. The blots were developed using an enhanced 
chemiluminescence (ECL) substrate (Cat# 1705060S, 
Bio-Rad). For immunoprecipitation experiments, 
protein samples obtained following protein extraction 
from ASR603-treated 22Rv1 cells, using 
radioimmunoprecipitation assay (RIPA) buffer were 
immunoprecipitated with an anti-AR-V7 antibody 
(Cat# 196725, Cell Signaling Technology, USA) at 4 °C 
with agitation overnight; the immunoprecipitated 
proteins were then pulled down with protein A/G-
agarose beads (Cat# 20421, Thermo Fisher Scientific, 
CA, USA) at 4°C with rotary agitation for 3 h. 
Following washing of the immunoprecipitates, 
centrifuged pellets were resuspended in sample buffer 
and heated for 5 min at 95 °C for SDS–PAGE followed 
by immunoblot analysis as mentioned in detail above. 

Immunofluorescence analysis 
Immunofluorescence staining for AR (Androgen 

Receptor (D6F11) XP® Rabbit mAb #5153) and AR-V7 
(EPR15656-290, ab273500) was performed on control 
or ASR603-treated cells as described previously [38]. 
Briefly, C4-2B and 22Rv1 cells (5000/well) were 
seeded in eight-well culture slides (Corning, USA). 
Cells were grown to ~ 60% confluence and treated 
with vehicle or ASR603 for 12 hours, followed with 
washing and incubation with AR and AR-V7 
antibodies. For LC3B and lysosomal-associated 
membrane protein 1 (LAMP1) fusion experiments to 
evaluate autophagy, ASR603-treated as well as 
DMSO-treated C4-2B cells, seeded in Falcon eight-well 
culture slides, were fixed with 4% paraformaldehyde, 
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permeabilized with 0.5% Triton X-100, blocked with 
5% goat serum, followed with incubation with LC3B 
(ab225383 and ab225382) and LAMP1 (ab302684) 
conjugated antibodies from Abcam at 4 °C overnight 
and mounted with mounting medium containing 
DAPI, and Luminosa microscope (PicoQuant; Berlin, 
Germany), was used to capture images followed with 
calculation of Pearson coefficients with ImageJ and the 
JACoP plugin [39]. 

Real-time quantitative PCR 
Qiagen RNeasy Kit (Hilden, Germany) was used 

for total RNA extraction followed with DNase I 
treatment (Cat# EN0521; Thermo Fisher, USA) and 
reverse transcription (iScript Reverse Transcription 
Supermix: Cat# 1708840; Bio-Rad, USA). qPCR was 
performed using SsoAdvanced Universal SYBR Green 
Supermix (Cat# 1725270; Bio-Rad, USA) and primers 
mentioned in Table S6. The qPCR conditions are 
mentioned in Supplementary Methods. Normalization 
was done with β-actin gene expression, the primer 
sequence of which is included in Table S6 as well. 

Detection of apoptosis by flow cytometry 
Flow cytometry analysis was performed with 

Annexin V–fluorescein isothiocyanate (FITC) and 
propidium iodide (PI) (BD Pharmingen™ FITC 
Annexin V Apoptosis Detection Kit I, BD Pharmingen, 
San Diego, CA, USA). Briefly, Cells were grown in 6 
well plates and treated for 24 h followed with 
resuspension in Annexin V binding buffer (1 × 106 
cells/ml). These cells were incubated with Annexin V–
FITC and PI for 15 min at room temperature in the 
dark and immediately analyzed by flow cytometry 
(BD FACSCalibur™). The data were analyzed with 
FloJoTM v10, and bi-parametric dot plots of Annexin 
V–FITC against PI were generated. The percentages of 
apoptotic cells were extracted from the dot plots and 
are presented in bar graphs. 

Cell invasion and migration assays 
Boyden chambers equipped with polyethylene 

terephthalate membranes with 8 μm pores were used 
to calculate the number of cells that were able to cross 
the membrane in the control and ASR603(IC50)-
treated groups after 24 h of treatment. Approximately 
5 × 104 cells per chamber were layered on Matrigel 
(Corning BioCoat™ Matrigel Invasion Chamber, 
Bedford, MA, USA) and incubated for 24 h. Cotton 
swab was used to remove cells that remained in the 
upper chamber followed with crystal violet staining 
[40]. Invaded cells were counted using an AMG-EVOS 
digital inverted microscope. For the wound healing 
migration assay, 22Rv1 and C4-2B cells were grown to 
confluency in 6-well plates followed with a linear 

wound in monolayers using a sterile pipette tip 
followed by a wash step. Images of each well were 
recorded immediately and again 24 h after wound 
generation. The distance that the cells migrated 
through the wounded area was determined by ImageJ 
(Version 1.54p). 

Plasma stability assay 
The in vitro plasma stability of ASR603 was 

evaluated in both mouse and human plasma, each 
anticoagulated with heparin sodium (mouse plasma, 
lot# M-89-160; human plasma, lot# H-038-001). 
ASR603 stock solutions were prepared at 10 mM in 
DMSO and diluted to appropriate working 
concentrations. Reactions were initiated by adding 
ASR603 to plasma that was preequilibrated at 37 °C. 
Samples were collected at predefined time points (0, 
15, 30, 60, and 120 min), quenched with acetonitrile 
containing an internal standard (tolbutamide, 100 
ng/mL), and centrifuged. The supernatants were 
mixed with an equal volume of water and analyzed via 
LC–MS/MS. A positive control, propantheline, was 
included for quality assurance. The elimination rate 
constant (k) and half-life (t1/2) were determined using 
nonlinear regression (Ct = C₀ × e(−kt)) based on the ratio 
of the analyte peak area to the internal standard peak 
area. Detailed method is provided in Supplementary 
Methods. 

Soft agar colony formation assay 
Colony formation assay with a CytoSelect™ 96-

well in vitro tumor sensitivity assay kit (Cell Biolabs, 
Inc., San Diego, CA) was performed to analyze 
anchorage-independent growth. C4-2B and 22Rv1 
cells (5 × 103 cells) were harvested, and the assay was 
performed according to the manufacturer’s 
instructions followed with crystal violet (0.005%) 
staining and counting after 10 days. 

Animal studies 
Six to eight-week-old BALB/c male athymic 

nude mice (nu/nu), purchased from the Jackson 
Laboratory (Bar Harbor, ME, USA) were used for 
xenograft studies. Four-week-old male NOD-SCID 
mice, implanted with patient derived tumor 
fragments, were purchased from the Jackson 
Laboratory (Bar Harbor, ME, USA) for PDX 
experiment. All the animal studies were approved by 
the Institutional Animal Care and Use Committee 
(IACUC) at Texas A&M University and were 
performed in accordance with institutional and 
national guidelines. At the end of the experiment, we 
euthanized the mice under anesthesia using a method 
approved by the animal ethics committee (IACUC 
2024-0020 DM). 



Theranostics 2027, Vol. 17, Issue 1 
 

 
https://www.thno.org 

64 

Subcutaneous xenografts in noncastrated and 
castrated mice 

Castrated and noncastrated BALB/c male 
athymic nude mice (nu/nu) mice (6-week-old) 
purchased from Jackson laboratory, were 
subcutaneously injected in the flank with 2 × 10⁶ 22Rv1 
cells suspended in a 1:1 mixture of Matrigel 
(purchased from Corning (NY, USA)) and RPMI 
medium (total volume 100 μl). The mice were 
randomized into treatment and vehicle groups (Two 
groups: ASR603 and 1% DMSO: n = 6 per group) once 
the tumors reached ~ 50 mm³. ASR603 (20 mg/kg) or 
vehicle (1% DMSO) was administered through oral 
gavage, and the tumors were measured with digital 
calipers, after which the tumor volumes were 
calculated using the following formula: volume = 
(length × width²)/2. Immunohistochemical staining 
for Ki-67 (Cat# ab15580, Abcam, Waltham, MA, US), 
AR (Cat# 5153S, Cell Signaling Technology, USA) and 
PSA (Cat# 2475S, Cell Signaling Technology, USA) in 
vehicle control- and ASR603-treated xenograft tumors 
was performed. 

PDX mice study 
PDX model of prostate cancer PDX mice 

(TM00298) purchased from Jackson laboratory, were 
randomly divided into two groups: the ASR603 
(50 mg/kg) group and the vehicle group, when the 
volume of the tumor was with ASR603 or vehicle by 
oral gavage. At the end of the experiment, the mice 
were euthanized, and the tumors were collected, 
imaged, weighed and analyzed via hematoxylin and 
eosin (H&E) staining or immunohistochemistry (IHC). 
Immunohistochemical analyses were performed to 
assess Ki-67, AR and PSA expression in vehicle 
control- and ASR603-treated PDX tumors. 

Cytometry time of flight (CyTOF) analysis of 
FFPE tumor sections 

Selected monoclonal antibodies against AR, 
KLK3 (PSA), HOXB13, HSP70, USP14, UBE2J1, 
MDM2, and TRAF4 were conjugated with lanthanide-
loaded polymer chelates using the Maxpar® Antibody 
Labeling Kit (Standard BioTools) according to the 
manufacturer’s instructions. Briefly, purified carrier-
free antibodies were buffer-exchanged into labeling 
buffer, partially reduced with TCEP, and conjugated 
to lanthanide-loaded polymer chelates. The 
conjugated antibodies were washed to remove 
unconjugated metal, the concentrations were 
determined spectrophotometrically (using a 
NanoDrop spectrophotometer at 280 nm), and the 
final products were stored at 4 °C. The antibodies were 
titrated on control formalin-fixed, paraffin-embedded 
(FFPE) tissue sections to determine the optimal 

staining concentrations, ensuring signal-to-noise 
optimization and the preservation of antigen 
specificity. Details of the antibodies, metal labeling 
procedure and concentrations used are provided in 
Table S2. 

FFPE sections of PDX tumors (4 μm thickness) 
were mounted onto poly-L-lysine–coated slides and 
baked at 60 °C for 1 h. After deparaffinization in 
xylene, these samples were rehydrated through a 
graded ethanol series and subjected to antigen 
retrieval in citrate buffer (pH 6.0) at 95–100 °C for 40 
min, following an adapted in-house protocol. After 
cooling, sections were blocked with 3% BSA in TBS 
and incubated overnight at 4 °C with a cocktail of 
metal-conjugated antibodies (details provided in the 
Supplementary methods). After the slides were 
washed, they were dipped in ddH₂O and air-dried at 
room temperature for at least 20 min. The stained 
sections were ablated using a Hyperion™ Imaging 
System (Standard BioTools) coupled to a Helios™ 
mass cytometer. Regions of interest (ROI) were 
selected based on corresponding hematoxylin and 
eosin (H&E) and immunohistochemistry (IHC) 
reference sections to capture representative AR-high 
and AR-low tumor areas. Laser ablation was 
performed at 0.2 x 0.2 μm resolution with a frequency 
of 200 Hz. This study was done at MDACC NORTH 
Campus Flow Cytometry and Cellular Imaging Core 
Facility. The raw .mcd files were processed using 
MCD Viewer. Spatial segmentation and phenotyping 
were conducted using supervised gating strategies 
followed by unsupervised clustering. Data 
visualization included Uniform Manifold 
Approximation and Projection (UMAP), t-distributed 
stochastic neighbor embedding (t-SNE), and 
quantitative intensity mapping of key markers, 
including AR, KLK3, HOXB13, HSP70, Ki67, TRAF4, 
and E-Cadherin. 

Spatial transcriptomic analysis 
PDX tumors from the control and ASR603-

treated groups were harvested at the endpoint and 
subjected to the “Separate Freezing and Embedding” 
protocol from the Visium spatial protocols-tissue 
preparation guide. Sections (10 µM thick) were 
mounted onto Visium Spatial Gene Expression slides 
(10x Genomics) following the manufacturer’s 
recommendations. Adjacent sections were subjected to 
H&E staining to allow histological and molecular 
cross-validation. The slides were processed according 
to the Visium Spatial Gene Expression User Guide for 
fresh frozen samples. Briefly, the sections were fixed 
in cold methanol, stained with H&E, imaged, and then 
subjected to permeabilization. The released mRNA 
was captured by spatially barcoded probes, followed 
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by reverse transcription and second-strand synthesis 
directly on the slide. The spatially barcoded cDNA 
was then amplified and converted into sequencing 
libraries using the Visium Spatial Library 
Construction Kit. The final libraries were sequenced 
on an Illumina NovaSeq 6000 platform to achieve a 
sequencing depth of approximately 50,000–100,000 
read pairs per capture spot. Brightfield images of 
H&E-stained sections were acquired using a Leica 
Aperio AT2 scanner. Images were aligned to the 
spatial array fiducial markers for spot registration 
using 10x Genomics Space Ranger v2.0.0. Spots falling 
within annotated tissue areas were retained for 
downstream analysis.  

The tumor regions were manually annotated on 
the basis of their histological features and cross-
referenced with the corresponding IHC profiles. The 
raw sequencing reads were processed using Space 
Ranger (v2.0.0) with default settings and aligned to the 
GRCh38 human reference genome.  

Gene expression matrices were imported into 
Seurat v4.1.0 (R package) for normalization, 
dimensionality reduction, clustering, and 
visualization. Data were normalized using 
SCTransform and integrated across samples. 
Clustering was performed using Louvain clustering at 
a resolution of 0.5, and dimensionality reduction was 
visualized using UMAP and tSNE projections. 
Differential expression analysis between clusters and 
treatment groups was performed using the Wilcoxon 
rank-sum test with Bonferroni correction. Dot plots, 
violin plots, and heatmaps were generated using 
Seurat functions to visualize the gene expression 
patterns. Spotwise AR and KLK3 expressions were 
visualized spatially over H&E images using Seurat’s 
SpatialFeaturePlot function (details in supplementary 
methods).  

Cluster-specific pathway enrichment was 
performed by extracting marker genes from AR-high 
and AR-low clusters and subjecting these genes to 
KEGG pathway enrichment performed using DAVID 
tools with cutoff of Bonferroni <0.05. Venn diagrams 
were generated using the Venn Diagram R package. 
Publicly available ChIP-seq datasets for androgen 
receptor (AR) in 22Rv1 CaP cells were obtained from 
the ChIP-Atlas database [41]. Differentially expressed 
genes (DEGs) identified from spatial RNA sequencing 
were compared with AR-ChIP-seq data to identify AR- 
regulated genes and then subjected to correlation 
analysis using R Studio to assess their relationship 
with AR and co-regulation patterns. Pathway 
enrichment analysis of differentially expressed genes 
was performed using clusterProfiler (v4.0.2), 
referencing the KEGG and Gene Ontology databases. 

Spatial metabolomics and glycan analysis 
Metabolite data was collected in negative ion 

mode at 20 μm resolution using a Bruker timsTOF fleX 
QTOF mass spectrometer over the m/z range 50-600. 
Glycan image data were collected from the same ROIs 
in positive ion mode on the timsTOF at 20 μm 
resolution over the m/z range 700-3500 with 200 laser 
shots summed per pixel. Instrument acquisition 
parameters and detailed method are included in the 
supplementary methods. 

All small regions of the same regions type for the 
same tissue were combined to a single region per 
tissue for analysis. Wilcoxon rank sum tests were 
performed to compare the same region type between 
samples. 

Ubiquitination analysis 
Purified recombinant human AR-NTD (a.a. 1-

669) was purchased from Creative Biomart (Product 
ID: AR-003H), and the AR-LBD was procured from 
Abcam (Cat# ab235857). Abcam Ubiquitylation Assay 
Kit (ab139467) was used and TRAF4 was purchased 
separately (Proteintech: Cat# Ag29685). A total of 25 
µg of purified protein was mixed with 100 µM ASR603 
solubilized in 1% DMSO in kit buffer and incubated as 
per manufacturer protocol. Reaction was terminated 
by adding SDS to 1% (final) and N-ethylmaleimide 
(NEM, 10–20 mM) and heating 5 min at 95 °C to 
preserve Ub conjugates. Vehicle (1% DMSO) and 
reaction without ATP were used as negative control. 
Anti-AR and anti-ubiquitin antibodies were used to 
confirm ubiquitination of AR-NTD. SDS-PAGE 
followed with Coomassie stain was used to excise 
bands representing monoubiquitinated AR and sent 
for analysis at a commercial company Creative 
Proteomics (Shirley, NY 11967, USA).  

Briefly, protein samples (purified protein 
incubated with 1% DMSO or ASR603) were digested 
with trypsin. The resulting peptides were extracted 
and analyzed using an Ultimate 3000 nano UHPLC 
system coupled with a Q Exactive HF mass 
spectrometer (Thermo Fisher Scientific, USA). 
Peptides were separated on a PepMap C18 column 
with a linear gradient of acetonitrile and detected in 
Top 20 mode. The data were analyzed using PEAKS 
STUDIO 8.5 with the following parameters: 
carbamidomethylation, oxidation, and ubiquitin 
modifications, trypsin specificity, and mass tolerances 
of 10 ppm for precursors and 0.5 Da for MS/MS (a 
detailed method is provided in the Supplemental 
Methods). 

Cloning and transfection of mutant plasmids 
Synthetic genes with the K301R or K313R 

mutation (AR NTD-mutant 1 and 2, respectively; 
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(detailed sequences are included in the 
Supplementary Methods) were cloned and inserted 
into the pcDNA3.1(-) vector with an N-terminal 8xHis 
tag with EcoRI/BamHI. The recombinant vectors were 
eluted in 20 µl of nuclease-free water and used for 
transfection in HEK-293T cells. HEK-293T cells were 
transiently transfected with the expression plasmids, 
using Lipofectamine 2000 (Thermo Fisher Scientific, 
USA) as transfection reagent according to the 
manufacturer’s instructions. After 48 hours of 
transfection, the transfected HEK-293T cells were 
treated with DMSO or ASR603 (3 µM), and total 
protein was extracted as described above. Western blot 
analysis was performed with an anti-His antibody and 
an anti-AR antibody. 

Statistical analysis 
GraphPad Prism 6.0a software (GraphPad 

Software Inc., La Jolla, CA) was used for statistical 
analysis and results were represented as means ± SEM. 
Datasets were compared using a two-tailed unpaired 
Student’s t test with the statistical significance set at P 
< 0.05. For the KEGG and Pathway analysis in Spatial 
transcriptomic experiments, statistical significance 
thresholds were set at adjusted P < 0.05.  

Results 

ASR603 selectively targets AR and AR-V7 
expression and function in CRPC cells 

ASR603 was synthesized, along with a series of 
novel UroA analogs, to identify agents that specifically 
target AR- and AR-V7–driven oncogenic signaling in 
CRPC [37] (Figure S1A). These compounds were 
screened for their ability to inhibit growth of prostate 
cancer (CaP) cells with distinct metastatic and AR 
expression profiles (Figure 1A). ASR603 exhibited 
strong inhibitory activity against all AR+ cells 
including AR-V7+ 22Rv1 and VCaP cells and AR-FL+ 
enzalutamide-resistant C4-2B (ENZ-C4-2B) cells 
(Figure 1B-D, Figure S1B-C) but not against AR- 
DU145 and immortalized normal human prostate 
epithelial RWPE-1 cells (Figure 1E-F: IC50 not achieved 
till 50 µM) supporting an AR-dependent mechanism of 
action. Sitemap analysis of the predicted AR-NTD 
identified a high-confidence binding pocket at the 
NTD–LBD interface (Site Score and D-score > 1.0; 
Figure 1G, Table S1). Further, interaction analysis 
revealed a hydrogen bond between the carbonyl 
group of ASR603 and ASN-25 (2.0 Å; Figure 1H), while 
the tri-cyclic core engaged hydrophobic residues 
(Figure S1D). Surface representation confirmed 
ASR603 is deeply embedded, occupying the entire 

binding pocket (Figure 1I). While simulation analysis 
(Figure S1E-H) also showed a diverse and stable 
interaction profile, surface plasma resonance (SPR) 
analysis demonstrated a clear, but weak binding of 
ASR603 to AR (Figure S2A-B, Kd = 2.96mM), likely due 
to challenges in quantifying physiological binding to 
intrinsically disordered domains like AR-NTD.  

ASR603’s interaction with AR-NTD reduced AR-
FL and AR-V7 protein levels in CRPC cells (Figure 1J-
M, Figure S3A-B), even as early as 12 hours (Figure 
S3C-F). This reduction was similar to established AR 
inhibitors such as EPI-7386 and enzalutamide used as 
control (Figure S3G-L). In contrast, protein levels of 
Estrogen Receptor (ER), Progesterone Receptor (PR), 
or PTEN remain unchanged after ASR603 treatment 
(Figure S4A), indicating specificity of AR-related 
pathways. ASR603 strongly inhibited AR and AR-V7 
expression under androgen-stimulated (DHT-
treatment) conditions (Figure S4B-C) and reduced AR 
signal intensity (Figure 1N), with significant reduction 
in nuclear AR-V7 in 22Rv1 cells (p < 0.05; Figure 1O). 
These effects were accompanied by induction of key 
proapoptotic markers, induction of apoptosis (Figure 
S5A-F), suppression of prosurvival signaling (Figure 
S5G-I) and colony-forming ability of C4-2B and VCaP 
cells (Figure S5J-K). Interestingly, ASR603 did not 
affect AR transcript levels (Figure 1P-Q) or promoter 
activity (Figure S5L), whereas PSA mRNA expression 
was significantly (p < 0.0001) downregulated after 
ASR603 treatment (Figure 1P-Q). These findings 
suggest, ASR603’s selective interaction at the AR-NTD 
and LBD interface enabled effective inhibition of 
AR/AR-V7-driven oncogenic signaling in CRPC cells 
possibly through protein degradation rather than 
transcriptional repression of AR. 

ASR603 demonstrates potent antitumor 
efficacy in multiple in vivo CRPC models 

ASR603 efficacy was evaluated in clinically 
relevant CRPC xenograft models to assess dependence 
on systemic androgen levels, given its retained activity 
under androgen-stimulated conditions. 

Both castrated (androgen-deprived) and 
noncastrated mice (hypogonadal state) were used [42]. 
Oral administration of ASR603 (20 mg/kg) 
significantly inhibited tumor growth in both castrated 
(Figure 2A) and noncastrated (Figure 2B) mice 
compared to vehicle-treated controls. The degree of 
tumor inhibition observed with ASR603 was 
comparable to, that achieved with enzalutamide 
(Figure S6A). ASR603 treated tumors exhibited similar 
reduction in AR, PSA, and Ki67 expression (Figure 2C-
D), as quantified by respective H scores (Figure 2E-F).  
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Figure 1: ASR603 binds to AR-NTD and inhibits AR expression. a) The CaP cell lines used in the study i.e. LNCaP, C4-2B, 22Rv1, RWPE1, DU145 were annotated 
from 0 to 4, 0 being the absence and 4 being the highest display of the indicated characteristics including, AR-FL expression, AR-V7 expression, and metastatic behavior. The 
heat map was generated in Graphpad Prism. MTT viability assay was performed for b) LNCaP cells that represents localized Androgen Receptor (AR) driven disease and 
express Wild-Type AR, c) C4-2B cells that represent metastatic AR⁺ Castration Resistant Prostate Cancer (CRPC), d) 22Rv1 cells representing AR-V7+ CRPC e) DU145 cells 
that are AR negative, Prostate specific Antigen (PSA) negative and f) RWPE cells representing normal prostate epithelial cells. g) Sitemap analysis identified a high-confidence 
binding pocket within the N-terminal domain (NTD). A site at the interface of the N-terminal domain (green) and the ligand-binding domain (LBD, red) was selected for 
docking, based on SiteScore and D-score values exceeding 1.0. h) Induced fit docking of ASR603 at the N-terminal domain of AR showing 3D interactions of the ligand with 
the protein and i) Surface view of the binding pocket with the ligand. Western Blot analysis for expression of AR and PSA in j) LNCaP k) C4-2B l) 22Rv1 and m) Enzalutamide 
resistant C4-2B (ENZ-C4-2B) cells treated with Vehicle (Veh) or ASR603 with respective IC50 concentrations for 24-, 48- and 72-hours confirming decrease in AR and ARv7 
protein levels. n) Immunofluorescence staining followed with Single Photon Counting Confocal Microscopy of C4-2B cells treated with vehicle or ASR603 showed a significant 
decrease in mean fluorescence intensity of AR. o) Immunofluorescence staining followed with Single Photon Counting Confocal Microscopy of 22Rv1 cells treated with vehicle 
or ASR603 showed a significant decrease in mean fluorescence intensity of ARv7. p&q) qPCR analysis of AR and PSA transcripts in ASR603 treated C4-2B and 22Rv1 cells for 
12- and 24-hours. Mean fluorescence intensity was quantified from at least three independent fields per condition. Statistical analyses were performed using one-way ANOVA 
followed by Tukey's multiple comparisons test for comparisons involving more than two groups and unpaired two-tailed Student's t-test for comparisons between two groups. 
All error bars represent means ± SD. Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001; ns, not significant. 
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Figure. 2: AR depletion inhibits tumor growth in castrated and non-castrated mice models. a) 22Rv1 cells were inoculated into castrated nude mice. When the 
tumors reached ∼50 mm3, the mice were treated with 20 mg/kg ASR603 through oral gavage, and mean tumor volumes were measured in the control and ASR603 treated 
mice group.  b) 22Rv1 cells were inoculated into non-castrated nude mice. When the tumors reached ∼50 mm3, the mice were treated with 20 mg/kg ASR603 through oral 
gavage and mean tumor volumes were measured in the control and ASR603 treated mice group. c) Representative images of Immunohistochemistry (IHC) analyses of tumor 
samples were performed to evaluate the expression of AR, PSA and Ki67 in 22Rv1 xenografted tumors in castrated nude mice. Ki67 staining demonstrates that proliferating 
cells were significantly depleted in ASR603-treated tumors. The magnified inset shows the expression of the indicated marker in cells by 5X digital zoom. d) Representative 
images of Immunohistochemistry (IHC) analyses of tumor samples were performed to evaluate the expression of AR, PSA and Ki67 in 22Rv1 xenografted tumors in non-
castrated nude mice. The Inset shows the expression of the indicated marker in cells by 5X digital zoom. e) Graphical representation of H Score for expression of AR, PSA 
and Ki67 calculated based on IHC images of castrated mice tumors.  f) Graphical representation of H Score for expression of AR, PSA and Ki67 calculated based on IHC show 
that ASR603 inhibits tumor growth in noncastrated mouse models regardless of systemic androgen levels. Tumor growth curves were analyzed using repeated-measures two-
way ANOVA followed by multiple comparisons test using GraphPad. H-scores were calculated from at least five randomly selected tumor fields per sample and H-score 
comparisons were performed using an unpaired two-tailed Student's t-test. All error bars represent means ± SD. Statistical significance: *P < 0.05; **P < 0.01; ns, not significant 

 
 
To evaluate ASR603’s potency in a more clinically 

relevant context, a prostate cancer PDX model, 
harboring AR+ tumor cells, similar to 22Rv1 xenografts 
was used. Oral administration of ASR603 to tumor-
bearing mice significantly reduced tumor size (p = 
0.0230; Figure 3A) and reduced AR, PSA and Ki67 

(Figure 3B) expression. These changes were reflected 
by reductions in H score for AR (p < 0.05; Figure 3C), 
PSA (p < 0.05, Figure 3D) and Ki67 (p < 0.01, Figure 
3E) in the treatment group compared with the control 
group, indicating strong anti-tumor efficacy.  



Theranostics 2027, Vol. 17, Issue 1 
 

 
https://www.thno.org 

69 

 
Figure 3: ASR603-induced AR depletion drives AR-low tumor cells to low-proliferative states. a) PDX Tumor growth curves showing significant reduction in 
tumor volume in ASR603-treated mice (50mg/kg) compared to control (n = 3 per group). b) Representative immunohistochemistry (IHC) images showing AR, PSA, and Ki67 
expression in control and ASR603-treated PDX tumors. H-score analysis showing a significant decline in c) AR, d) PSA and e) Ki67 expression. f) Schematic diagram summarizing 
the 3D multiplexed multi-omics workflow used to dissect the tumor microenvironment. 5mm serial FPPE sections were cut and deposited on ply-l-lysine-coated slides. The 
middle (indicated) sections were used for targeted proteomics (using cytometry by time of flight: Hyperion™ Imaging System coupled to a Helios™ mass cytometer) g) IHC 
staining for AR highlighting AR⁺ and AR⁻ regions in control and treated tumors, respectively, that were selected for downstream spatial profiling. h) CyTOF antibody panel 
used for the analysis. i) UMAP projections of AR and j) PSA protein expression from CyTOF analysis, comparing control and ASR603-treated tumors. k) tSNE projections of 
AR and l) PSA expression, confirming loss of AR⁺/PSA⁺ subpopulations in ASR603-treated tumors. m-p) UMAP and tSNE plots showing changes in HOXB13 and E-Cadherin 
after ASR603 treatment. q) Multiplexed imaging showing co-localization of AR (green), PSA (red), HOXB13 (Blue), and E-cadherin (Yellow) in control (upper panel) and 
ASR603-treated (lower panel) tissues. r) Multiplexed immunofluorescence imaging highlighting spatial distribution of HSP70 (yellow) and Ki67 (Red) showing depletion of 
proliferative (Ki67⁺) cells and emergence of HSP70⁺ stress-adapted cells following ASR603 treatment. Tumor growth curves were analyzed using two-way ANOVA followed 
by multiple comparisons test. H-score comparisons for AR, PSA, and Ki67 expression were performed using an unpaired two-tailed Student's t-test. Representative CyTOF, 
UMAP, tSNE, and multiplex imaging panels are shown from spatially profiled regions of interest selected from control and ASR603-treated tumors. All error bars represent 
means ± SD. Statistical significance: *P < 0.05; **P < 0.0; ns, not significant. 
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Since ASR603 showed strong efficacy in these 
models, we next analyzed its stability to check its 
potential for effective systemic delivery and sustained 
activity. ASR603 demonstrated high stability in 
commercially obtained pooled mouse and human 
plasma under standard assay conditions, with more 
than 93% of the compound remaining intact after 
extended incubation periods with a half-life 
surpassing 240 min (Figure S6B-D). This finding 
indicates that ASR603 is resistant to plasma hydrolysis 
and degradation, leading to favorable stability in 
systemic exposure and likely contributing to its strong 
in vivo efficacy. 

Depletion of AR⁺/PSA⁺ subpopulations led to 
stress-adaptive reprogramming in ASR603-
treated prostate cancer PDX tumors 

Although our in vitro and in vivo analyses 
confirmed ASR603-mediated inhibition of AR 
signaling, the effect on tumor architecture at the 
single-cell level was not fully characterized. Hence, 
cytometry by time of flight (CyTOF) was used to assess 
the impact of ASR603 on tumor cell composition and 
lineage specific signaling (Figure 3F). Region with 
high AR expression in control and low AR expression 
in ASR603-treated PDX tumors, as determined by IHC, 
was selected as regions of interest (ROI) (Figure 3G, 
Figure S7A-B). A panel of metal-conjugated antibodies 
(Figure 3H, Table S2) was employed to evaluate the 
expression of key markers of AR signaling (AR, PSA), 
a luminal lineage and AR co-regulator (HOXB13), an 
epithelial identity marker (E-cadherin), and a stress 
adaptation marker (HSP70) (Fig. S7C). This analysis 
revealed a marked loss of AR⁺ and PSA⁺ cellular 
clusters following ASR603 treatment (Figure 3I-J, 
Figure S7D-G), consistent with disruption of the AR 
signaling. However, t-distributed stochastic neighbor 
embedding (t-SNE) plots showed that AR and PSA 
were expressed in different cell populations (Figure 
3K-L). HOXB13 was markedly reduced (Figure 3M) in 
the same clusters as AR and PSA (Figure 3N), whereas 
E-cadherin expression was largely unchanged (Figure 
3O-P), suggesting a lineage shift within an epithelial 
context rather than a complete loss of epithelial 
identify.  

Reduced Ki67 levels (Figure S7H-I) pointed to a 
transition toward a low-proliferative phenotype in 
AR-low regions. In contrast, HSP70 expression 
increased broadly and specifically within AR-low 
clusters (Figure S7J-K), reflecting activation of stress 
response pathways in regions where AR expression is 
inhibited by ASR603. TRAF4, a nonproteolytic AR 
ubiquitination adaptor that enhances AR 
transcriptional activity, was also decreased in ASR603-
treated PDX tumors (Figure S7L-M), particularly in 

AR-low regions (Figure S7N), further supporting 
disruption of AR signaling by ASR603.  

Multiplexed imaging and spatial colocalization 
analysis of the same ROIs, comparing AR-high region 
in control versus AR-low region in ASR603-treated 
PDX tumor, revealed strong co-expression of AR, PSA, 
and HOXB13, with widespread expression of E-
cadherin in the control tumor (Figure 3Q). In contrast, 
ASR603 markedly reduced AR, PSA, and HOXB13, 
while E-cadherin remained comparable. Control 
tumor displayed abundant Ki67 (red) and low Hsp70 
(yellow), whereas ASR603-treated tumor exhibited 
reduced Ki67 and elevated Hsp70, indicating reduced 
proliferation with stress adaptation (Figure 3R). 
Together, these observations demonstrate that ASR603 
selectively depletes AR⁺/PSA⁺ tumor subpopulations, 
imposing selective pressure on the remaining AR-low 
population and promoting a stress-adapted, low-
proliferative tumor state. 

AR inhibition reprograms the tumor 
microenvironment 

The effects of AR depletion on tumor architecture 
and gene expression in situ, were assessed using 
spatial transcriptomic profiling, which enabled direct 
comparison of the transcriptional landscape in control 
and ASR603-treated tumors, while preserving the 
spatial organization of the tissue (Figure 4A). ASR603-
treated tumors exhibited disrupted glandular 
organization and extensive tissue collapse in contrast 
to well-organized glandular epithelium observed in 
control tumors (Figure 4B-C). Spatial gene expression 
profiling revealed eight transcriptionally distinct 
clusters within the control (Figure 4D-E) and ASR603-
treated tumors (Figure 4F-G). AR-regulated genes 
(KLK3/PSA), TMPRSS2, and CTNNB1) showed 
broad, high-level expression across multiple clusters 
particularly in clusters 1–4 (Figure 4H). In contrast, 
ASR603-treated tumors displayed a substantial 
reduction in the percentage of KLK3-expressing cells, 
especially in cluster 3 (Figure 4I). Although AR 
transcripts were reduced, they were not completely 
depleted in the ASR603-treated tumor suggesting 
transcriptional silencing of canonical AR signaling 
[43]. Both the proportion of PSA expressing cells (as 
indicated by smaller dot sizes) and PSA expression per 
spot (as shown by reduced color intensity) were 
diminished. This finding is consistent with loss of 
functional AR signaling in our in vitro assays and 
suggests that AR may be post-transcriptionally 
regulated in ASR603-treated tumors. The narrowing 
and downward shift of the violin plots of AR target 
genes in cluster 3 (Control: Figure 4J and ASR603: 
Figure 4K), together with reduced expressions of key 
transcriptional regulators FOXA1, HOXB13, and 
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CTNNB1 (Figure 4J-K), further supports this 
suppression. Additional analysis of the expression of 
cell cycle and proliferation markers, including MKI67, 
PCNA, and E2F1, along with genes associated with 
prostate adenocarcinoma (e.g., AMACR, EPCAM, 
ALCAM) (Figure S8A-D), revealed reduced 
expression in specific clusters, especially the AR-low, 
cluster 3 of ASR603-treated tumors. A gene-gene 
correlation matrix of AR target genes (GEO database: 
SRX11222414; Table S3) demonstrated that AR 
pathway-related genes, including E2F1, maintained 
strong correlation with each other in the ASR603-
treated tumor (Figure 5A). This finding indicates a 
homogeneous and coordinated impact of ASR603 
leading to emergence of an AR-low/PSA-low 
transcriptional state. Together with CyTOF findings of 
reduced HOXB1 and unchanged E-cadherin, these 
results suggest that tumor cells have lost much of their 
original identity and have entered a state of growth 
arrest or apoptosis due to the effective AR degradation 
by ASR603.  

To confirm that ASR603-mediated AR depletion 
causes the distinct transcriptomic profile of AR-low 
versus AR-high regions, Venn diagram analysis was 
conducted comparing cluster-3 (AR-low), from the 
ASR603-treated tumors, with cluster 1 (AR-high) from 
control tumors. As seen in figure 5B, cluster 3 from the 
ASR603-treated tumor showed over 4036 unique 
genes (29.4%). When the analysis was expanded to 
include genes across all clusters in control versus 
ASR603-treated tumor, the proportion of unique genes 
reduced to 2.59% (Figure 5C), indicating that ASR603-
mediated AR depletion specifically contributes to the 
distinct transcriptomic profile of AR-low regions. A 
volcano plot comparing the gene expression levels in 
AR-low (ASR603-treated) versus AR-high (Control) 
region revealed significant decreases in AR signaling 
components (KLK3, FKBP5), chromatin modeling and 
transcriptional regulators (e.g., GTF3C6, HMGN3) 
along with increased expression stress- and repair-
associated genes 9HSPA1B, NUPR1, and PLIN2), 
ribosomal and mitochondrial genes 9RPS11, RPS21, 
MT-ND1, MT-ND4, and MT-CYB) (Figure 5D). 
Interestingly, genes involved in key metabolic 
pathways (SORD, HIBCH, PLIN2, SCAP) were also 
altered (Figure 5D). Gene ontology and KEGG 
pathway analyses demonstrated that pathways 
enriched in the AR-high region of control tumors, such 
as oxidative phosphorylation, DNA replication, the 
TCA cycle, and nucleotide excision repair (Figure 5E), 
were not enriched in cluster 3 (Figure 5F). In contrast, 
stress-adaptive programs, including autophagy, 
lysosome activity, mTOR signaling, and ubiquitin-
mediated proteolysis, were selectively enriched in 

cluster 3 in ASR603-treated tumors (Figure 5F). These 
findings suggest widespread transcriptional arrest 
and metabolic reprogramming following AR pathway 
inhibition. 

ASR603 promotes AR and AR-V7 degradation 
and impairs cell survival pathways 

To assess the activation ubiquitin-mediated 
proteolysis pathway at the cellular level, the ability of 
ASR603 to directly targets AR for degradation via the 
ubiquitin–proteasome system was investigated. 
ASR603 treatment increased overall ubiquitination in 
total cell lysate (Figure 6A-B) and in 
immunoprecipitated AR-V7 and this effect was further 
enhanced by co-treatment with MG132 (Figure 6C). 
Treatment with cycloheximide (CHX: protein 
synthesis inhibitor) alone or in combination with 
ASR603 resulted in a time-dependent decrease in AR 
expression in 22Rv1 (Figure 6D-E) and C4-2B cells 
(Figure 6F-G), confirming the involvement of AR 
degradation signaling in the effects of ASR603. 

Four distinct ubiquitination sites, K845, K847, 
and K913 within the LBD [38] and lysine 6, 26 [44], 311 
in the NTD [45], were previously identified in AR. 
Intriguingly, ASR603 continued to inhibit AR 
expression in AR-mutant carrying substitution at key 
ubiquitin sites (K311, K845, and K847; AR-Mut) 
(Figure 6H), and AR-FL (Figure 6I), suggesting that 
ASR603 induces AR ubiquitination at sites that are 
different from known ubiquitination sites in AR. 
Further, analysis revealed two notable ubiquitin 
acceptor sites within the NTD at lysine residues K301 
and K313 (Figure 6J). Mutants of these sites (K301R; 
Mut1 and K313R; Mut2: Figure 6K) were confirmed by 
anti-his tag (Figure. 6L) and were resistant to ASR603-
induced degradation (Figure 6M), indicating that K301 
and 313 serve as critical ubiquitin acceptor sites for 
ASR603-driven AR degradation in CRPC cells.  

Apart from ubiquitin-mediated proteolysis, the 
autophagy pathway was enriched in AR-low cells 
(Figure 6N). Key autophagy markers LC3B and 
LAMP1 were increased in C4-2B (Figure S9A; Figure 
6O-P) and 22Rv1 cells (Figure S9B-E). However, there 
was no significant change in their colocalization, 
specifically in autophagosome-lysosome fusion, a key 
feature of active autophagic flux (Figure 6Q, Figure 
S9F). These results demonstrate that a defective 
autophagy pathway and loss of its survival function. 
These findings confirm that ASR603 not only promotes 
AR degradation via ubiquitin-proteasome system, but 
also induces a defective autophagy–lysosome 
signaling, which is consistent with the stress-adaptive 
phenotype observed in spatially AR-depleted tumor 
regions. 
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Figure 4: ASR603 driven AR depletion induces different transcriptional programs in AR-high versus AR-low tumor cells. a) Schematic overview of the spatial 
transcriptomics workflow performed on PDX tumors treated with vehicle or ASR603. b & c) H&E-stained tissue sections of control and ASR603-treated PDX tumor and d) 
corresponding unsupervised clustering map identifying transcriptionally distinct regions in control. e) UMAP projection of spatial transcriptomic data from control tumor 
highlighting cluster identity. f) Unsupervised clustering map identifying transcriptionally distinct regions in ASR603-treated PDX tumor. g) UMAP projection of spatial 
transcriptomic data from ASR603-treated tumor highlighting cluster identity. Dot plot visualization of canonical AR pathway components (AR, KLK3, TMPRSS2, CTNNB1) in 
h) control and i) ASR603-treated tumors. Dot size indicates the percentage of cells expressing each gene per cluster, and color intensity reflects the average expression level. 
Cluster 3 of ASR603-treated tumors shows marked inhibition of AR signaling and proliferation pathways. Violin plots comparing expression of AR-pathway genes AR, KLK3, 
TMPRSS2 and AR pathway regulators FOXA1, HOXB13, and CTNNB1 across clusters in j) control and k) ASR603-treated tumors. Cluster 3 shows reduced expression of 
KLK3 and TMPRSS2 after treatment. Dot size represents the percentage of spots expressing the indicated gene, whereas color intensity reflects average expression levels. 
Violin plots depict the distribution of normalized gene expression across spatial clusters. Spatial transcriptomic analyses were performed using Seurat v4.0. 
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Figure 5: Spatial transcriptomic analysis reveals ASR603-driven transcriptional reprogramming and pathway perturbations in CRPC tumors. a) Correlation 
heatmap of differentially expressed genes across spatial clusters in control and ASR603-treated PDX tumors compared with AR-ChIP-Seq dataset, highlighting pairwise 
correlations among AR-regulated luminal, epithelial, and metabolic genes b) Venn diagram showing the overlap of total detected transcripts between control (AR-High:Cluster1) 
and ASR603-treated (AR-Low:Cluster3) samples, illustrating both shared and unique gene. c) Venn diagram showing the overlap of total detected transcripts between control 
(All Clusters) and ASR603-treated (All Clusters) samples, illustrating both shared and unique gene. d) Volcano plot comparing cluster 3 (AR-low) vs cluster 1 (AR-high) in 
ASR603-treated PDX tumors, showing significantly upregulated and downregulated genes. Transcripts (e.g., *KLK3, FKBP5, SORD, HSPA1B, DEFA5) are annotated to highlight 
loss of AR signaling and activation of stress-adaptive pathways. e & f) Dot plots of enriched pathways in control and ASR603-treated tumors. Dot size represents gene count; 
color scale denotes significance (–log₁₀ adjusted p-value). Differential gene expression analysis was performed using the Wilcoxon rank-sum test implemented in Seurat v4. P-
values were adjusted for multiple testing using the Bonferroni correction. Pathway enrichment analysis was performed using clusterProfiler, and significance was determined 
using adjusted p-values. Pearson correlation analysis was used for the correlation heatmap. Adjusted p < 0.05 was considered statistically significant. 

 

Targeting AR induces metabolic dysfunction 
and tumor collapse 

Transcriptomic analysis confirmed the induction 
of stress-adaptive responses including autophagy and 
UPS pathways as well as differential expression of 
several genes implicated in metabolic regulation and 
stress-response in CaP (Figure 5D). Additionally, 
metabolic regulators such as SLC31A2 (a copper 

transporter linked to redox homeostasis), SLC45A4 (a 
solute carrier involved in energy balance), and MT2A 
(a metallothionein associated with detoxification 
under stress) overlapped within the same epithelial 
populations, that expressed AR pathway genes (AR, 
KLK3, TMPRSS2, FOXA1, and HOXB13) (Figure 7A). 
This overlap suggests a functional interplay between 
ASR603-induced attenuation of AR signaling and 
subsequent metabolic reprogramming.  
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Figure 6: ASR603 induces AR ubiquitination and proteasomal degradation via specific lysine residues in the AR N-terminal domain (NTD). a & b) Western 
blot analysis showing a time-dependent ubiquitin protein expression in C4-2B and 22Rv1 cells treated with MG-132 (10µM), ASR603 (respective IC50), vehicle, or combination. 
c) 22Rv1 cells were treated with ASR603 and MG132 or combination for indicated time and cell lysates were immunoprecipitated with AR-V7 antibody and subjected to WB 
with ubiquitin antibody. The cell lysates were WB with AR-V7 as input.  d & e) Immunoblots of AR and AR-V7 expression in 22Rv1 cells treated with ASR603, CHX (50 µM) 
or combination at the indicated time points (h). f & g) Immunoblots of AR expression in C42B cells treated with ASR603, CHX (50 µM) or combination at the indicated time 
points (h). h) Western blot showing that ASR603 treatment reduced overexpressed AR-Mutant (AR-Mut) and i) AR-FL. j) Tandem mass spectrometry (MS/MS) spectra 
identifying ubiquitinated lysine residues (K301 and K313) within the AR-NTD. Red asterisk (*) indicates diagnostic y and b ions for modified peptides.  k) Schematic 
representation of AR domain structure, indicating the location of K301 and K313 in the N-terminal domain. Two mutant constructs were generated: Mut1 (K301R) and Mut2 
(K313R). l) Western blot of His tagged-AR-FL, Mut1 (K301R) and Mut2 (K313R) mutants in transfected 293T cells, probed with anti-His antibody. m) Immunoblotting 
confirming that ASR603 selectively depletes AR-FL but not the K301R/K313R mutant in transiently transfected 293T cells confirming the involvement of these residues in 
ASR603-mediated ubiquitination. n) Immunofluorescence staining and colocalization analysis of LC3B (green) and LAMP1(Red) fusion (Yellow) showing significant changes in 
mean fluorescence intensity of o) LC3B, p) LAMP1. q) LC3B-LAMP1 colocalization was quantified using Pearson's correlation coefficient and showed no significant change 
following ASR603 treatment. DAPI is used as nuclear stain (Blue). Quantification of LC3B, LAMP1, and LC3B-LAMP1 colocalization was performed from at least three 
independent microscopic fields per condition. Statistical significance was determined using one-way ANOVA followed by Tukey's multiple comparisons test or an unpaired 
two-tailed Student's t-test. All error bars represent means ± SD. Statistical significance: *P < 0.05; **P < 0.01; ns, not significant. 
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Spatially resolved mass spectrometry imaging 
(MSI) of ROIs from both control and ASR603-treated 
tumors, matched to the ROIs analyzed by CyTOF 
(Figure 7B) revealed a distinct separation between the 
treated and untreated samples, highlighting extensive 
metabolomic reprogramming following ASR603 
treatment (Figure 7C; Table S4). Metabolites exhibiting 
the most pronounced changes in the AR-Low region of 
ASR603- treated PDX tumor compared to the AR-high 
region of control tumors included Taurine, 3-
methylindole (skatole), cis,cis-Muconic acid, and 7-
methylxanthine (Figure S10A-C), alongside 
trifluoroacetic acid, indole, thymine, L-glutamic acid, 
thymol, and N-acetyl-sulfamethoxazole (Figure S10D-
E). Hierarchical clustering based on metabolites 
abundance in AR -low regions and random forest 
classification also identified taurine and 7-methylxan-
thine as key metabolites distinguishing the ASR603-
treated tumor from the control tumor (Figure S11A-B).  

Taurine, 3-methylindole, and Indole, showed a 
strong inverse correlation with tumor weight, whereas 
metabolites such as 7-methylxanthine and myristic 
acid showed positive correlation with tumor weight 
(Figure 7D). Indole and 3-methylindole are 
metabolites of tryptophan, another tryptophan 
metabolite, kynurenic acid, exhibited a significant 
inverse correlation with tumor volume (Figure 7D). 
Pathway enrichment analysis of the differentially 
abundant metabolites revealed that taurine, 
hypotaurine metabolism, pyrimidine metabolism, 
along with tryptophan metabolism, were significantly 
increased in the AR-low region compared with AR-
high region from the control tumor (Figure S11C). 
Tryptophan metabolism, through kynurenine, may 
contribute to pyrimidine metabolism, while the purine 
metabolism pathway was decreased, in association 
with a reduced 7-methylxanthine, a purine derived 
metabolite. This pattern indicates a shift from energy-
intensive purine metabolism toward a more energy-
efficient, pyrimidine metabolism strategy [46], to 
manage ASR603-induced stress. These findings 
support a coordinated metabolic crosstalk between 
enriched and depleted pathways that drive stress-
adaptive response, resulting in a metabolic state that is 
not conducive to proliferation and thereby suppresses 
overall tumor growth.  

MSI-based glycan profiling of the same ROIs 
(Figure 8A) revealed a coordinated shift in 
glycosylation patterns in the AR-low region of 
ASR603-treated PDX tumor (Figure 8B, Figure S12A-
B). Specifically, significant downregulation of complex 
fucosylated N-glycans, including 
Hex₇dHex₁HexNAc₆ (Figure 8C, Z-score ~ +1 vs. –1, p 
< 0.01) and Hex₆dHex₂HexNAc₅ was observed 
(Figure 8D, p < 0.01). Conversely, high-mannose and 

truncated glycans such as Hex₃HexNAc₂ (Figure 8E, p 
< 0.01), Hex₃dHex₁HexNAc₂ (Figure 8F, p < 0.001), 
Hex₄HexNAc₂ (Figure 8G, p < 0.001), and 
Hex3HexNAc₃ (Figure 8H, p < 0.01) were significantly 
upregulated, indicating impaired glycan processing in 
the Golgi apparatus and ER stress [47]. These glycans 
shifts in parallel may contribute to the metabolic stress 
identified by MSI-based metabolite analysis, which 
revealed increased taurine, 3-methylindole, and 
kynurenine levels, as well as increased autophagy and 
redox pathway activity in AR-low tumor region 
Together, these multiomic data define a 
reprogrammed glucometabolic signature induced by 
ASR603 that links AR degradation to the loss of 
proliferative metabolic pathways, altered glycan 
signatures, and the emergence of a stress-response, 
including autophagy, which ultimately leads to tumor 
inhibition in ASR603-treated PDX tumors.  

Discussion 

In a previous study, we demonstrated that UroA, 
a microbial metabolite, has the potential to target AR 
[33]. In the present study, UroA analogs were 
rationally designed, leading to the development of a 
novel small molecule, ASR603, that specifically targets 
and binds to the AR-NTD. Unique ubiquitin acceptor 
sites within the AR-NTD were mapped and found to 
be ubiquitinated in response to ASR603 treatment. 
This modification led to degradation of both AR-FL 
and AR-V7, selectively suppressing CRPC cell growth 
at nanomolar concentrations while sparing normal 
prostate epithelial cells. ASR603-mediated AR 
depletion in CRPC tumors resulted in a stress-
adapted, low-proliferative state and generated a 
metabolic shift leading to a coordinated, interlinked 
metabolic crosstalk that led to tumor regression. These 
findings advance the understanding of how AR-NTD 
therapies can reshape the CRPC tumor 
microenvironment and pave the way for potential 
breakthroughs in CRPC treatment.  

Mechanistically, ASR603 showed approximately 
11.6-fold greater efficacy than UroA [33] by binding to 
AR-NTD, potentially at FXXLF motif (residues 23-27) 
and Tau-1 region of AF-1 domain (residues 100-370). 
While FXXLF motif mediates androgen-dependent 
interaction between the NTD and the LBD [48], while 
the Tau-1 region is essential for ligand-dependent 
transcriptional activity [49]. Dual engagement may 
account for a lower IC50 values of ASR603 than its 
parent compound UroA, or ralaniten [50]. Few other 
compounds, including niphatenones [51], 
sintokamides [52], and EPI-001 analogs, have shown 
direct binding to the AF-1 domain in the AR-NTD by 
cell-free assay and then later using Click-chemistry 
probes [53, 54]. However, these analogs such as EPI-



Theranostics 2027, Vol. 17, Issue 1 
 

 
https://www.thno.org 

76 

506, did not fare well in clinical trial (NCT02606123) 
[55]. Hence there is an urgent need for characterizing 

compounds such as ASR603 that can have potential for 
favorable clinical development.  

 

 
Figure 7: Spatial metabolomic analysis reveals ASR603-induced metabolic reprogramming in prostate cancer PDX tumors. a) Spearman’s rank correlation 
analysis was performed to assess pairwise relationships among canonical AR targets (AR, KLK3, TMPRSS2), AR cofactors (FOXA1, HOXB13), Metabolic regulators (MT2A, 
SLC31A2, SLC45A4) and different cell types. b) Schematic overview of the experimental workflow: tumor regions with high AR expression (AR-High) and low AR expression 
(AR-Low, post-ASR603 treatment), used for CyTOF analysis, were analyzed using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI). c) 
Principal component analysis (PCA) reveals distinct clustering of metabolic profiles between ASR603-treated and control tumors. d) Correlation matrix heatmap showing 
pairwise associations between top differentially abundant metabolites identified by MSI analysis and tumor weight across samples. The key metabolites have been marked in 
Red. Standard lipid notation (C15:0, C17:0, C20:2, C22:1) have been used. Abbreviations: ACC: 1-aminocyclopropanecarboxylic acid, cc-MA: cis,cis-Muconic acid, NAG: N-
acetylglutamic acid, 3-HAD: 3-Hexenedioic acid, GSA: guanidinosuccinic acid, Ac-SMX: N-Acetyl-sulfamethoxazole. Spearman's rank correlation coefficient was used for 
correlation analyses. PCA was performed using normalized metabolite abundance values. 
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Figure 8: ASR603 impairs glycan processing capability of AR-Low tumor cells. a) Schematic overview of the spatial multi-omics workflow integrating 
histopathological, immunohistochemical (IHC), single-cell proteomic (CyTOF), metabolomic (MSI), and glycomic analyses in ASR603-treated vs. control PDX tumors. Tissue 
sections from spatially registered regions of interest (ROIs) were subjected to parallel profiling. b) 3D Principal Component Analysis (PCA) plot showing clear separation 
between ASR603-treated (red) and vehicle-treated (green) tumor samples based on glycomic profiles, indicating treatment-induced metabolic reprogramming. c-h) Box plots 
and representative ion maps (bottom panels) displaying the relative abundance and spatial distribution of select differentially accumulated Glycans in ASR603 vs. control tumors, 
including c) Hex7dHex1HexNAc6 d) Hex₆dHex₂HexNAc₅ e) Hex₃HexNAc2 f) Hex₃dHex₁HexNAc2 g) Hex₄HexNAc2, and h) Hex3HexNAc3. Principal component analysis 
was performed using normalized glycan abundance values. Comparisons between vehicle-treated and ASR603-treated groups were performed using an unpaired two-tailed 
Student's t-test. Glycans shown were selected from significantly differentially abundant species identified by MSI-based glycomic profiling. All error bars represent means ± SD. 
Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001 ns, not significant. 

 
Resistance to ADT is a key characteristic of AR-

V7-driven CRPC [56]. We used castrated mice to 
model ADT or abiraterone treatment, minimizing 
ligand-dependent AR signaling, while noncastrated 
mice represented a hypogonadal state with partial 
androgen signaling [42]. ASR603 abrogated tumor 
burden in both models indicating that the effect of 
ASR603 does not dependent on ligand competition 
and may involve direct inhibition of AR, including its 
ligand-independent isoform AR-V7. Similarly, 
ASR603 also inhibited tumor growth in a PDX model, 
containing both AR-FL and AR-V7+ tumor cells and 

IHC analysis showed a decline in AR as well as PSA 
expression. These results are consistent with previous 
studies demonstrating that targeting AR [57] and AR-
V7 [53, 58] can suppress tumor growth in CRPC mice 
models. 

The observed pattern of HOXB13 loss with 
retained E-cadherin [59] in CyTOF analysis indicated 
a partial luminal-to-basal lineage shift, consistent with 
emerging lineage plasticity without complete 
transdifferentiation [60, 61]. Alongside the positive 
correlation between E2F1 and KLK3 loss, this pattern 
suggests that tumor cells have lost their original 
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luminal identity and have transitioned into state of 
growth arrest or apoptosis due to the effective AR 
degradation by ASR603. Upregulation of HSP70, a 
stress-protective chaperone [62], further highlights a 
stress-adapted AR-low phenotype, which is associated 
with early adaptation downstream of AR degradation 
[62].  

Similar to CyTOF and immunoblot-based 
evidence demonstrating marked depletion of both 
full-length AR and AR-V7 protein levels following 
ASR603 treatment, spatial transcriptomic analysis 
showed that expression of AR target genes such as 
KLK3 (PSA), TMPRSS2, and FOXA1 was also 
markedly reduced in AR-low cluster. HOXB13 
expression was similarly downregulated, while Hsp70 
expression was upregulated in the same AR-low 
cluster. As observed in CyTOF data, HSP70 
upregulation likely represents a compensatory, 
cellular stress-mediated response to AR inhibition. In 
addition to ubiquitin-mediated proteolysis, stress 
response and autophagic pathways, were enriched in 
the AR-low cluster in ASR603-treated tumors. 
Autophagy is a context-dependent phenomenon [63-
68]. It has been shown as a protective stress response 
[63-65] or promote cancer cell death [66] in response to 
agents such as resveratrol [67] or arsenic trioxide [68]. 
Autophagy also plays a key role in sequestering 
ubiquitin-tagged protein aggregates when the 
proteasome is overloaded [69, 70], functioning as a 
secondary degradation route under stress [71], 
mediated through autophagy receptor p62 [72]. 
Kristine et al. showed that riluzole-induced direct 
interaction between AR and selective autophagy 
receptor p62 led to degradation of AR-FL as well as 
AR-V7 [73]. In our correlation analysis AR and KLK3 
expression inversely correlated with P62 expression 
suggesting a possible involvement of autophagy in AR 
degradation. However, further studies are required to 
confirm this observation. Additionally, the spatial 
transcriptomic analysis revealed that autophagy was 
enriched predominantly in cluster 3, the AR-low 
cluster in ASR603-treated PDX tumors, whereas 
immunoblot analysis and immunofluorescence 
staining of ASR603-treated CRPC cell lines revealed 
more generalized activation of autophagy–lysosomal 
signaling. This apparent discrepancy may reflect the 
absence of spatial and microenvironmental 
heterogeneity in vitro, where uniform AR degradation 
and drug exposure are more likely to elicit a 
generalized stress response [74, 75]. Overall, both 
CyTOF and spatial transcriptomic analysis indicated 
the emergence of a transcriptionally repressed tumor 
state with spatially restricted luminal disruption 
supporting ASR603 as an androgen-independent AR 
degrader, with potential utility across multiple CRPC 

settings. 
Our findings also contribute to the growing 

recognition of metabolic adaptation of AR+ tumors in 
response to therapies [76, 77]. ADT-associated 
metabolic alterations, such as impaired glucose 
tolerance, disrupted steroid and lipid metabolism are 
well documented in CAPS1, CAPS2, and other clinical 
trials [78, 79] and EPI-001 has been shown to alkylate 
thiols [80]. However, the metabolic consequences of 
AR-NTD inhibition remained unexplored.  

We found that metabolically responsive genes 
such as MT2A, SLC31A2, and SLC45A4 [81-84] 
colocalized with cells in which ASR603-suppressed 
AR signaling. This colocalization provides a molecular 
basis for observed increase in metabolic pathways 
linked to taurine and glutamic acid metabolism, 
previously associated with CaP progression [85, 86]. 
The coordinated enrichment of metabolic pathways 
associated with arginine, histidine, and lysine 
metabolism, as well as a shift towards an energy-
efficient pyrimidine metabolism pathway from an 
energy-intensive purine metabolism pathway [46], 
suggests the disruption of biosynthetic and nitrogen 
metabolic routes essential for sustained proliferation. 
Metabolite abundance and tumor weight were 
correlated providing exploratory evidence for a link 
between metabolic changes and tumor regression. 
Although future studies in independent cohorts and 
circulating metabolite measurements will be required 
to validate their biomarker potential, this data could 
serve as a potential metabolic signature of AR NTD 
degrader activity that could, in principle, be 
monitored through tumor biopsies or through blood 
or urine tests to evaluate treatment response. 

Although the CyTOF and MSI-based 
metabolomic analyses revealed ASR603-induced 
remodeling of tumor cell states and metabolic stress 
responses; these data alone could not fully account for 
the alterations in cell surface architecture, receptor 
signaling, or cellular matrix interactions. All of these 
features are known to influence therapy response and 
tumor regression. Protein glycosylation, such as N-
glycan branching and fucosylation, profoundly shapes 
tumor cell behavior by regulating receptor stability, 
ligand binding, immune evasion, and extracellular 
matrix remodeling [87-89] yet it is not captured by 
transcriptomic and standard proteomic assays. To 
address this, we performed the spatial multiomic 
framework to include glycan imaging using MSI of the 
same ROIs. Our analysis revealed distinct loss of 
complex fucosylated glycans, which have been 
associated with aggressive and invasive CaP 
phenotypes [90, 91]. There was also concomitant 
increase in high-mannose glycan forms indicative of 
ER stress, impaired glycan maturation [92], and 



Theranostics 2027, Vol. 17, Issue 1 
 

 
https://www.thno.org 

79 

proteostasis disruption [47]. These patterns strongly 
influence tumor cell behavior through effects on 
receptor stability, ligand binding, immune evasion, 
and extracellular matrix remodeling [39, 87-89]. 
However, they are not detectable in transcriptomic 
and proteomic assays. The enrichment of complex, 
fucosylated, multi antennary glycans within 
AR⁺/PSA⁺ regions could serve as a predictive tissue 
marker to identify CRPC subpopulations that are 
highly dependent on AR driven glycoprotein 
programs and therefore most likely to benefit from AR 
NTD degraders such as ASR603. Conversely, the 
emergence of high mannose/truncated glycans in AR 
low, non-proliferative regions, after treatment, may 
provide a tissue-based readout of target engagement 
and stress induced remodeling. Prior studies have 
shown that identification of glycoproteins bearing a 
GalNAc glycotope can have prognostic and 
therapeutic utility in cancer [90, 93, 94]. Thus, glycan 
profiling results not only provided additional 
evidence of the ASR603-induced loss of the AR-NTD-
driven cell state but also highlight a potential 
therapeutic vulnerability.  

Together, these findings indicate that targeted 
degradation of AR via the NTD induces an integrated 
stress response at single-cell proteomic, 
transcriptomic, and metabolic level, which is sufficient 
to drive global tumor inhibition. This work defines a 
new paradigm for AR-targeted therapy and 
establishes metabolic collapse as a hallmark of 
response to AR-NTD degradation.  

Limitations of the study 
ASR603 is used here as a first‑in‑class, 

mechanistic proof‑of‑concept compound rather than a 
development‑stage candidate. Comprehensive in vivo 
PK/PD profiling were not performed. Spatial 
transcriptomics were performed in a larger region 
(6x6mm) from the ASR603-treated PDX tumor and 
control PDX tumor, CyTOF and MSI analysis were 
performed on a smaller, albeit shared ROI. Technical 
constraints limit analysis to areas no large than 
0.2x0.2µm. Nevertheless, the ROI was carefully 
selected based on the AR expression patterns. While 
our analysis compares ASR603-mediated AR 
expression changes with low AR regions in control 
tumors, the inherent heterogeneity of CRPC will 
require additional tumor and multiple ROIs. This 
approach will provide a comprehensive 
understanding of the effect of AR-NTD degradation 
on multiomic remodeling. It is also necessary to fully 
determine whether ASR603 exerts any 
AR‑independent effects or engage additional targets. 
Finally, although AR-NTD is shown to be enriched in 
ubiquitin acceptor sites in ASR603 treatment, it 

remains to be defined whether these sites contribute to 
partial AR through proteasome and autophagy 
pathways, which are activated in ASR603-treated cells. 
These mechanistic aspects will be addressed in future 
studies.  
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