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Drug-regulated protein post-translational modifications (PTMs) enable the identification of modulated
pathways and the revelation of phenotypic responses in diseases. However, the integrated regulatory
mechanisms of radiopharmaceuticals across the proteomic and PTM landscapes remain poorly character-
ized. To address this gap, this study presents a quantitative multi-level proteomic analysis to assess regu-
lated PTMs and pathway engagement. Quantitative glycoproteomics, phosphoproteomics, and global
proteomics were performed using tumor tissues from radiopharmaceutical-treated mouse models. By
analyzing subcellular signaling pathways with site-specific PTMs, differentially expressed molecular signa-
tures were identified with radiopharmaceutical action. Our study provides a comprehensive landscape of
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the global proteome and PTM-proteome for radiopharmaceutical regulation. These findings uncover
multi-level cellular molecular mechanisms involving DNA repair, extracellular matrix organization, and
metabolic regulation. These findings elucidate the molecular mechanism of radiopharmaceuticals at the
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1. Introduction

Radiopharmaceuticals exert their therapeutic effects through
emitting o-particles or f-particles following the decay of
unstable nuclei.' Generally, radiopharmaceuticals are
employed in cancer diagnosis and prognosis monitoring, as
they can be visualized by nuclear medicine imaging tech-
niques due to the agent’s targeting effectiveness.” In recent
years, with the increasing availability of diverse radiopharma-
ceuticals for treating various diseases, particularly cancers,
radiopharmaceuticals have also shifted from purely visualized
diagnosis to precise targeted therapy.’ The primary mecha-
nism of action (MoA) of radiopharmaceuticals involves indu-
cing DNA damage within tumor cells.* Energy from radiophar-
maceuticals traverses tissues, deposits inside cells, and causes
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proteomic and PTM-proteomic levels, offering valuable insights for radiopharmaceutical development.

single-strand breaks (SSB) or double-strand breaks (DSB) in
DNA.” Although DNA damage is widely recognized as the fun-
damental MoA of radiopharmaceuticals, the intricate mole-
cular mechanisms underlying this process remain insuffi-
ciently studied. The most widely used approaches for investi-
gating the mechanisms of radiopharmaceuticals include
comet assay (single-cell gel electrophoresis), ELISA (enzyme-
linked immunosorbent assay), immunoblotting (western blot-
ting), immunohistochemistry (IHC), flow cytometry, and fluo-
rescence microscopy.®® However, these approaches are often
target-specific and do not allow for a comprehensive evalu-
ation of the overall molecular effects of radiopharmaceuticals.
Proteins serve as key executors of biological functions and
are also targets for many pharmaceuticals.'®'" Protein post-
translational modifications (PTMs) impact numerous biologi-
cal processes and pathogenesis, and studies on PTMs can
elucidate drug mechanisms from diverse molecular
perspectives.’>'* With the advancement of mass spectrometry
technology, proteomics can simultaneously identify and quan-
tify thousands of proteins and their PTMs, providing valuable
insights into the interpretation of drug MoA."® Recent
advancements in proteomic, phosphoproteomic and glycopro-
teomic research enable large-scale identification of target pro-
teins of cancer drugs and the investigation of resistance
mechanisms across diverse drugs."*™*® Although proteome and
PTM studies offer significant advantages in exploring drug
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mechanisms, the MoA of the radiopharmaceuticals has not
been thoroughly investigated using proteomics and PTM pro-
filing. To address this gap, we performed an integrated proteo-
mic analysis to investigate the MoA of a radiopharmaceutical.

In a previous work, we constructed an integrated platform
that can perform multi-level proteomic research, including glyco-
proteomics, phosphoproteomics and proteomics.”” The inte-
gration of diverse omics data enables a comprehensive mole-
cular-level analysis of drug mechanisms, effectively complement-
ing traditional approaches to studying the MoA of drugs. In this
study, we utilized our multi-level proteomic platform to investi-
gate the biological responses of the radiopharmaceutical ***Ac in
a colon cancer mouse model, achieving a comprehensive study
of the MoA of radiopharmaceuticals across global proteomic, gly-
coproteomic, and phosphoproteomic landscapes. We found that
25Ac strongly affected the mitochondrial energy metabolism of
tumor cells, subsequently leading to the significant activation of
immune and hemostatic functions. Additionally, we discovered
that the abundance of high-mannose glycan structures signifi-
cantly decreased following radiopharmaceutical treatment.
Moreover, we highlighted the phosphorylation changes of pro-
teins involved in DNA damage and repair pathways. Collectively,
our results described the mechanism of radiopharmaceuticals
from a unique molecular perspective and provided a more
thorough molecular profiling for MoA.

2. Materials and methods

2.1. Animal studies

All experimental procedures were carried out according to the
Guidelines for the Care and Use of Laboratory Animals, and
approval was obtained from the Animal Ethics Committee of
the Ganjiang traditional Chinese medicine innovation center
(permit number: GJCMIC2024-013). Eight 5-week-old male
Balb/c mice were used to construct a CT26 tumor-bearing
model and randomly assigned to a radiopharmaceutical treat-
ment group (n = 4) and a control group (n = 4). CT26 mouse
colon cancer tissue was digested with trypsin to form a cell
suspension, and the cell concentration was adjusted to 1 x 107
cells per mL. The right side of the back of mice was used for
subcutaneous inoculation with 100 pL cell suspension (about
1 x 10° cells) under aseptic procedure to ensure that there was
no fluid leakage during the injection and obvious sub-
cutaneous nodules were formed. Seven days after inoculation,
the mice were observed daily to ensure animal welfare, and
therapeutic efficacy was assessed by caliper (volume (mm?) =
0.52 x length x width?) every two days.'®"®

CT26 tumor-bearing mice were randomly assigned to treat-
ment groups when the mean tumor volume reached 100 mm?®.
The experimental group received an intravenous injection of
0.4 uCi of 2*°Ac, solubilized in a solution of 2 M ammonium
acetate and 150 mg mL ™" r-ascorbic acid. The control group was
administered the solvent vehicle alone. The tumor diameter,
body weight, and overall animal well-being were monitored every
two days. The study was conducted for two weeks, after which
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the mice were euthanized. Mice with ulcerated tumors, which
were observed across all groups, were euthanized prior to the
study endpoint and excluded from the analysis.

2.2. Reagents and materials

Trypsin was purchased from Sigma-Aldrich (USA). Chemical
reagents including iodoacetamide (IAA), 1,4-dithiothreitol
(DTT), acetonitrile (ACN, HPLC grade), ammonium bicarbon-
ate, urea, ammonium hydroxide, formic acid and trifluoroace-
tic acid (TFA) were obtained from Sigma-Aldrich. Deionized
water was prepared using a Milli-Q system (18.2 M Q cm,
Bedford, MA, USA). In this work, we utilized the click-maltose
material for N-linked glycopeptide enrichment. The -click-
maltose material, developed by our group previously,>**' has
demonstrated exceptional selectivity and robustness in captur-
ing N-linked glycopeptides. The click-maltose material was syn-
thesized by linking alkynyl-derivatized maltose to azide-deriva-
tized silica via click chemistry. The resulting flexible saccharide
chain structure remarkably enhances the hydrogen-bonding
interactions between the glycans of the glycopeptides and the
matrix, enabling efficient enrichment of glycopeptides while
minimizing non-specific binding. Its performance has been
validated by multiple independent research groups,”>** under-
scoring its reliability and reproducibility. The phosphopeptide
enrichment was performed using a commercialized Ti*"-IMAC
material (J&K Scientific Ltd Cat. No. 2749380), whose enrich-
ment efficiency has been validated in previous studies.'”**>>

2.3. Sample preparation

Tumors resected 48 hours after treatment were isolated using
scissors and tweezers and then homogenized in an ice bath
via sonication (20 W, 3 s ultrasound with a 7 s interval for
3 min) in a urea buffer containing a phosphatase inhibitor
cocktail (1 pL per 100 pL of buffer). The suspension was centri-
fuged at 14000 rpm for 20 min, and the supernatant was
quantified by the BCA protein assay. Then, 1 mg of proteins
was dissolved in 200 pL urea buffer and incubated with 10 pL
of 200 mM DTT at 56 °C for 45 min. After the addition of
10 pL of 800 mM IAA, the reaction mixture was allowed to react
in the dark at room temperature for 30 min. The mixture was
diluted to 2 mL with 50 mM NH,HCO; and incubated with
trypsin (1:50, w/w) at 37 °C for 16 h. The obtained tumor
lysate digest was lyophilized and stored at —80 °C for sub-
sequent analyses.

2.4. Simultaneous enrichment of N-linked glycopeptides and
phosphopeptides

The specific glycopeptide enrichment procedures are as
follows. First, 3 mg of click-maltose material was suspended in
60 pL ACN and packed into the bottom of a 10 pL pipette tip.
The tip was conditioned and equilibrated with 100 pL 80%
ACN/1% TFA. Then, 100 pg peptide sample was desalted with
C18, dissolved in 100 pL 80% ACN/1% TFA and loaded onto
the tip. The tip was rinsed four times with 50 pL 80% ACN/1%
TFA. The flow-through from the click-maltose tip was collected
for subsequent phosphopeptide enrichment. The glycopep-

This journal is © The Royal Society of Chemistry 2025
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tides were subsequently eluted with 60 pL of 30% ACN/1% FA,
dried, and stored at —80 °C prior to LC-MS/MS analysis.

The dried flow-through from glycopeptide enrichment was
resuspended in 80% ACN/2% TFA. Then, 5 mg of Ti*"-IMAC
material was packed into the 10 pL pipette tip and equilibrated
with 50 pL 80% ACN/2% TFA. Each sample then was loaded
onto the Ti*-IMAC tip. After the Ti*-IMAC tip was washed
three times with 50 pL 80% ACN/2% TFA and 80% ACN,
respectively, bound phosphopeptides were eluted with 10%
ammonium hydroxide and dried before LC-MS/MS analysis.

2.5. LC-MS/MS analysis

During multi-sample experiments, the enriched N-linked glyco-
peptides and phosphopeptides were separated and identified
using an EASY-nLC 1200 liquid chromatography system (Thermo
Scientific, United States) coupled to an Orbitrap Exploris™
480 mass spectrometer (Thermo Scientific, United States). A
homemade C18 analytical column (150 pm x 150 mm, 2 pm)
was used to separate peptides. Mobile phase A was 0.1% FA and
mobile phase B was 80% ACN/0.1% FA. The flow rate was set at
400 nL min~'. The phosphopeptide gradient elution is as
follows: 1%-5% B, 3 min; 5%-32% B, 50 min; 32%-90% B,
2 min; 90% B, 5 min. The N-linked glycopeptide gradient
elution is as follows: 3%-10% B, 6 min; 10%-40% B, 100 min;
40%-90% B, 4 min; 90%B, 10 min. The data of N-linked glyco-
peptides were acquired in the data-dependent acquisition (DDA)
mode using an Orbitrap Exploris™ 480 mass spectrometer with
the following settings: ion transport capillary temperature:
320 °C; spray voltage: 2.5 kV; full MS resolution: 60 000; normal-
ized AGC target for full MS: 300%; scan range for full MS:
350-1500 m/z; maximum injection time for full MS: 40 ms; RF
lens: 40%; MS2 resolution: 30 000; normalized AGC target for
MS2: 75%; maximum inject time for MS2: 80 ms; top speed
mode cycle time for data-dependent MS/MS: 2 s; number of
microscans for data-dependent MS/MS: 1 scan per s (charge
state 2-6); dynamic exclusion duration: 45 s; precursor intensity
threshold: 8E% and mass tolerance: +10 ppm. Normalized col-
lision energy was set at 20%, 30% and 40%. For the further ana-
lysis of phosphopeptides, full MS resolutions for the data-inde-
pendent acquisition (DIA) experiments were set to 600 000 at m/z
200 and full MS AGC target was 300% with an IT of 40 ms. The
mass range was set to 350-1500 m/z. The AGC target value for
fragment spectra was set at 2000%. Fifty-nine windows of 6.7 Da
were used with an overlap of 1 Da. Normalized collision energy
was set at 32%. All data were acquired in the profile mode using
positive polarity, peptide match was set to “off”, and isotope
exclusion was set to “on”.

2.6. Data processing

In this study, glycopeptides were analyzed directly by mass spec-
trometry without prior enzymatic release of the glycans, which is
a general and mature method in glycoproteomics.>**' The
objective of intact glycopeptide analysis was to retain site-specific
glycan information, which enables the acquisition of detailed
information about each individual glycan structure present at
each specific glycosylation site. For N-glycosylation identification
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and quantification, raw files were analyzed using PMI Byos
(version 5.4.52, Protein Metrics, Inc.). All the MS raw data files
were searched against the database downloaded from UniProt-
Mouse database (17 747 entries) and a Byos built-in glycan data-
base of 309 N-glycans for glycopeptide compositional analysis
using the Byos software. Searches were conducted with the frag-
mentation type set to as higher-energy collisional dissociation
(HCD). The database searching parameters of precursor and
fragment ion tolerance were set at 10 and 20 ppm, respectively.
Enzyme specificity was set to trypsin allowing for up to two
missed cleavages. Carbamidomethylation of cysteine residues
(C; +57.022 Da) was set as the fixed modification. Oxidation on
the methionine residue (M; +15.995 Da) was set as the variable
modification. The false discovery rate (FDR) for glycopeptide
spectrum match (GPSM) and protein-level was less than 1%. The
scores of N-linked glycopeptides were no less than 150. The
identification and quantification of phosphopeptide were con-
ducted using Spectronaut 19 (Biognosys AG, Switzerland) against
the UniProt-Mouse database (17747 entries) with default set-
tings for direct DIA analysis. The FDR cutoff on the precursor
level was 1% and protein level was 1%. The normalization strat-
egy was set as local normalization. Carbamidomethylation of
cystine was set as fixed modification. The oxidation of methion-
ine, phosphorylation (localization probability >0.75), and protein
N-terminal acetylation were set as variable modifications.

Quantifiable phosphopeptides and glycopeptides were fil-
tered with more than half valid quantitative values in each
group. The intensities were subsequently log2-transformed,
and missing values were imputed using the Perseus software.
Significant changes in phosphopeptides and glycopeptides
were identified using a two-sample ¢-test, with a p-value
threshold of 0.05 and a minimum fold change (FC) of 1.5.
Statistical analysis of data was performed using the GraphPad
Prism 9 and Perseus 2.0.11 software. The proteomics data were
processed using identical filtering criteria as applied to the
phosphoproteomics and glycoproteomics data.

To integrate the glycoproteomic, phosphoproteomic, and
proteomic datasets, we employed a strategy whereby multi-
omics data were linked via shared UniProt IDs. For each
protein, we compared changes in its different modifications
derived from glycoproteomic and phosphoproteomic analyses
against variations in its total abundance from proteomic ana-
lysis. Using the pathway analysis tool Metascape, we annotated
differentially expressed PTMs or proteins into functional path-
ways and conducted joint enrichment analyses by integrating
information from distinct modifications.

3. Results

3.1. Integrated multi-level proteomic workflow for assessing
radiopharmaceutical mechanisms

To investigate the molecular alterations induced by **’Ac, we
employed a previously developed proteomic platform to study
the MoA of **Ac on a multi-level proteomic scale. Leveraging
our established integrated multi-level proteomic sample prepa-
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Fig. 1 Schematic overview of the experimental workflow. The multi-level proteomic workflow for glycoproteome, phosphoproteome, and pro-

teome analyses for the MoA of radiopharmaceuticals.

ration platform, we performed a comprehensive profiling of
the glycoproteome, phosphoproteome and proteome in tumor
samples from mouse models. The obtained tumor samples
were processed via protein extraction, digestion, glycopeptides
and phosphopeptides enrichment. The prepared samples were
then analyzed by LC-MS/MS, and the MS data were interpreted
using the PMI Byos and Spectronaut software. We conducted a
multifaceted analysis to elucidate differently expressed glyco-
proteome, phosphoproteome and proteome for biological
functions, protein-protein interactions, and pathway enrich-
ment (Fig. 1).

3.2. Glycoproteomic analysis of radiopharmaceutical-induced
differential glycosylation

Glycosylation is one of the most prevalent and essential PTMs,
and plays a pivotal role in many biological processes,
especially in protein folding, cell adhesion, cellular signaling,
pathogenesis of different diseases and MoA of various
drugs.**?* However, the MoA of radiopharmaceutical at the
glycoproteomic level has not yet been reported. In this work,
we profiled the glycoproteome of tumor samples after radio-
pharmaceutical treatment by identifying and quantifying
glycan structures, glycosylation sites, and glycosylation-related
enzymes. In total, we identified 18613 site-specific glycans
mapping to unique 3519 N-glycosylation on 1250 glycoproteins.
First, we analyzed the alterations of different glycan types and
found that the abundance of sialylated, fucosylated and trun-
cated glycan structures showed an increasing trend, whereas
the abundance of high-mannose glycan structures decreased
significantly ~ following radiopharmaceutical treatment
(Fig. 2A). Glycosylation changes implied alterations in glycosy-
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lation-related glycosidases and glycosyltransferases, and we
therefore investigated relative abundance changes of these
enzymes at the proteomic level. A total of nine glycosidases
and glycosyltransferases changed their relative abundance in
the proteome dataset (Fig. 2B), indicating the effect of the
radiopharmaceuticals on glycosylation. Among these, the
abundance of Ganab was significantly decreased in the radio-
pharmaceutical-treated group.

We quantified the relative abundance of the top 10 glycans
and found that the relative abundance of high-mannose
glycans (H5N2, H6N2, H7N2, H8N2 and H9N2) decreased after
radiopharmaceutical treatment, with the exception of H5N2
(Fig. 2C). Our results also revealed that the abundance of both
sialofucosylated and fucosylated glycans (H6N4F1G1 and
H5N4F1G2) decreased, whereas the abundance of fucosylated-
only or sialylated-only glycans (H5N4G2, H3N4F1 and
H6N5G3) increased in the radiopharmaceutical-treated group.
In addition, we performed differential analysis of the glycan
expression and identified 15 glycans that were significantly
altered, including 11 glycans with decreased relative abun-
dance and 4 glycans with increased relative abundance
(Fig. 2D). Notably, 4 of 5 decreased sialylated glycans con-
tained NeuGc modification. In contrast, the increased sialy-
lated glycans contained NeuAc modification.

We further performed the analysis of differentially
expressed site-specific glycans (Fig. 3A) and identified 536 sig-
nificantly altered site-specific glycans, including 156 with
increased and 380 with decreased relative abundance. Among
these, C1qa-N734-H8N2 exhibited the most significant down-
regulation following radiopharmaceutical treatment. The
detailed information on N-glycosylation identifications of

This journal is © The Royal Society of Chemistry 2025
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tially expressed glycans. Glycan compositions are annotated using the following symbols: H = Hexose, N = N-acetylhexosamine, A =
N-acetylneuraminic acid (NeuAc), G = N-glycolylneuraminic acid (NeuGc), and F = Fucose.
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C1qa glycosylation site N146 is provided in the ESI, Table S1.7
We then performed gene ontology (GO) enrichment analysis
on these glycoproteins with differentially expressed site-
specific glycans to gain insights into their associated cellular
functions and processes. The result indicated that these glyco-
proteins were significantly enriched in an immune system
(Fig. 3B). In addition, the protein-protein interaction (PPI)
network analysis of these glycoproteins revealed that the Itgam
(integrin alpha M chain), a key mediator in the phagocytosis
of complement-coated particles,** exhibited the highest degree
of connectivity, suggesting its potential role in the anti-tumor
effects of the radiopharmaceutical (Fig. 3C). We then investi-
gated the glycosylation of Itgam and found that the relative
abundance of 10 site-specific glycosylation of Itgam were upre-
gulated, whereas 3 were significantly downregulated (Fig. 3D
and S1}). In addition, we found the relative abundance of
Itgam significantly upregulated in the proteome dataset
(Fig. 3D). These results indicated that Itgam may be affected
by the radiopharmaceutical treatment and may further con-
tribute to anti-tumor effects. Although Itgam glycosylation has
not been previously reported, the glycosylation changes in our
study could provide novel insights into the MoA of the radio-
pharmaceuticals at the glycoproteomic level.

3.3. Phosphoproteomic profiling of radiopharmaceutical-
induced kinase activity alterations

It is reported that DNA is the primary molecular target of
radiopharmaceuticals and the SSBs or DSBs of DNA caused by
radiopharmaceutical particles lead to cell death or mutations.*
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Phosphorylation plays a major regulatory role in DNA damage
and repair.* Given the pivotal role of phosphorylation in DNA
repair, we investigated the changes in the phosphorylation
status of tumors following radiopharmaceutical treatment. A
total of 12490 phosphopeptides, corresponding to 11721
phosphosites from 3352 phosphoproteins, were identified.
Among these, 795 phosphosites were upregulated and 780
were downregulated (Fig. S2At). Phosphoproteome compari-
son between the two groups revealed radiopharmaceutical-
specific activated kinases via kinase substrate enrichment ana-
lysis (KSEA), including MAPK9 and CSNK2A1 (Fig. 4A). The
suppressed kinases such as CDK1, CDK2 and CHEK1 were
associated with DNA damage, cell cycle arrest and DNA repair.
We then analyzed the pathways of phosphoproteins with differ-
entially expressed phosphosites (Fig. 4B) and revealed that the
relative pathways were significantly enriched in the cell cycle.

We also performed PPI analysis on phosphoproteins
involved in the cell cycle pathway and identified the key roles
of Tp53bp1 and Rb1 (Fig. S2B7). The tumor suppressor protein
p53 is a central protein in DNA damage, and the extent of
phosphorylation of p53 dictates cell survival or death.*® We
identified downregulated phosphorylation of Rblcc1 and upre-
gulated phosphorylation of Rb1 (Fig. S2C+), indicating that the
Rb1 pathway was downregulated. This finding further supports
that radiopharmaceuticals induced severe DNA damage, trig-
gering DNA repair in tumor cells. Our phosphoproteomic ana-
lysis characterized radiopharmaceutical-induced site-specific
phosphorylation alterations in key DNA damage and repair
proteins, which are undetectable at other omic levels.
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3.4. Proteomic insights into radiopharmaceutical-induced
disruption of energy metabolism at the subcellular level

The glycoproteomic and phosphoproteomic analyses described
above have demonstrated how radiopharmaceuticals induce
alterations in PTMs. Subsequently, we extended our investi-
gation to analyze the global proteomic changes induced by
radiopharmaceuticals. A total of 5183 proteins were identified,
of which 759 showed significant differential expression,
including 497 upregulated and 262 downregulated ones
(Fig. S3AT). Clustering analysis of the quantitative proteome
further revealed distinct protein expression patterns, identify-
ing one downregulated and two upregulated protein clusters.
Collectively, these findings highlight the comprehensive
impact of radiopharmaceuticals on protein expression and
PTMs, providing insights into their potential mechanisms of
action (Fig. 5A).

Proteins in cluster 1 were involved in the mitochondrial oxi-
dative respiratory chain (Fig. 5B left), including mitochondrial
complex I (ubiquinone oxidoreductase family, Ndu), mitochon-
drial complex III (cytochrome bel oxidoreductase, Uqcer) and
mitochondrial complex IV (cytochrome C oxidase family, Cox).
Tumor cells require sufficient energy to support their rapid
division and proliferation, thus mitochondrial metabolism is

A 25pc
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essential for tumor cell immortalization.’” Corroborating
recent reports on targeted mitochondrial therapy in
cancer,’®?® our findings provide further evidence that the
radiopharmaceuticals inhibit tumor development by strongly
interfering with the mitochondrial respiratory chain. Proteins
in cluster 2 were enriched in the hemostasis pathway (Fig. 5B
middle). Cluster 3 was primarily enriched in the immune-
related pathways (Fig. 5B, right), suggesting that radiopharma-
ceuticals might induce immune activation.

3.5. Multi-level proteomic integration: insights into
radiopharmaceutical mechanisms through glycoproteome,
phosphoproteome, and proteome synergy

Subcellular-level analysis further revealed potential mecha-
nisms associated with distinct cellular compartments.
Specifically, proteomic results indicated reduced activity of the
tricarboxylic acid (TCA) cycle in the mitochondria and glycoly-
sis in the cytoplasm. Furthermore, differentially expressed gly-
colytic enzymes involved in glycosylation processes localized to
the endoplasmic reticulum and lysosome were identified
(Fig. 6A). To further characterize the integrative effects of
radiopharmaceuticals at the multi-level proteomic scale, we
conducted a comprehensive analysis of the glycoproteome,
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Fig. 5 Comprehensive analysis of the global proteome in tumors following radiopharmaceutical treatment. (A) Heatmap of relative protein abun-
dance in cluster 1, cluster 2 and cluster 3. (B) PPl networks of proteins in corresponding clusters 1, 2 and 3. Gray lines represent protein—protein
interactions. Node size and color intensity indicate the degree of connectivity with other proteins. Purple nodes denote upregulated proteins, while

green nodes denote downregulated proteins.
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phosphoproteome, and proteome. By comparing proteins with
significant relative abundance changes across the three proteo-
mic levels, we identified 78 proteins with concurrent changes
in both the proteome and the phosphoproteome, 42 proteins
with alterations in both the proteome and the glycoproteome,
and 11 proteins with changes in both the glycoproteome and
the phosphoproteome. These overlapping proteins may
provide insights into the coordinated regulatory effects of
radiopharmaceuticals on cellular processes (Fig. S3Bf).
Functional enrichment analysis using Metascape (Fig. S3Ct)
revealed that hemostasis was the most significantly enriched
pathway across the proteome, phosphoproteome, and glyco-
proteome landscapes. Pathways exclusively enriched in the pro-
teome included aerobic respiration, monocarboxylic acid
metabolism, acyl-CoA metabolism, carbon metabolism, and
mitochondrial protein degradation. Glycosylation was predo-
minantly associated with pathways such as extracellular matrix
organization, lysosomal processes, and protein processing in
the endoplasmic reticulum. Phosphorylation was found to
specifically influence chromatin conformation, mRNA metab-
olism, and DNA damage repair. Collectively, these findings
validate the reliability of our results and are consistent with
the aforementioned analysis.

Analyst

We further conducted a site-specific analysis of proteins
with significant alterations across the three omics layers
(Fig. 6B). Notably, Fn1 and Serpincl with their corresponding
PTM sites were found to be upregulated across the proteome,
phosphoproteome, and glycoproteome landscape. As key com-
ponents of the hemostasis pathway (Fig. 5B), the observed pro-
teomic and PTM-proteomic differences may be closely associ-
ated with hemostatic function. Additionally, Itga3 and Tapbp
were identified as related to the innate immune system. Itga3
showed decreased abundance across all three omics layers. In
our study, Tapbp showed upregulated relative abundance in
the proteome and phosphorylation at S461, while its relative
abundance at the glycosylated site N256 with glycan H4N6 was
downregulated. Tmpo and Mé6pr were not quantified at the
proteome level but were quantified at glycoproteome and phos-
phoproteome levels. Tmpo showed upregulation at two phos-
phorylated sites (S422, S66 or S67) but downregulation at two
glycosylated sites (N289 and N618), while M6pr showed down-
regulation at one phosphorylated site (S268) and upregulation
at one glycosylated site (N84). These findings underscore that
multi-level proteomic analysis can reveal distinct PTM altera-
tions of the same protein in radiopharmaceutical-treated
tumors, which would otherwise remain undetected in single-

This journal is © The Royal Society of Chemistry 2025
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omics analyses. Overall, this work enables a comprehensive

investigation from multiple proteomic  perspectives,
offering novel molecular insights into the MoA of
radiopharmaceuticals.

4. Discussion

In this study, we present a comprehensive proteomic study
into the MoA of the radiopharmaceutical **’Ac. We integrated
multi-level proteomics to gain mechanistic insights into the
radiopharmaceutical’s impact across multiple dimensions,
including phosphorylation and, notably, glycosylation for the
first time. This was achieved by systematically identifying

differentially expressed proteins and PTMs, annotating
enriched biological processes and pathways, analyzing
protein—protein interactions, and evaluating the kinase

activity. The key strength of this study lies in our comprehen-
sive analysis of the molecular mechanisms from multiple
perspectives.

The comparison of relative abundance of glycan types
between control and radiopharmaceutical-treated groups
revealed significant downregulation in the relative abundance
of high-mannose glycan structures. The abundance of glycosi-
dases Ganab was significantly decreased in the radiopharma-
ceutical-treated group. Ganab is the a-subunit of the glucosi-
dase II heterodimer, which removes «1,3-Glc from high-
mannose glycans.?® The reduction in high-mannose glycan-
type relative abundance observed following radiopharmaceuti-
cal treatment may be associated with the decreased relative
abundance of Ganab. The analysis of N-linked glycans revealed
that downregulated sialylated glycans predominantly con-
tained NeuGc modifications following >*°Ac treatment. Recent
studies have shown a correlation between NeuGc levels and
risk in cancer, cardiovascular and inflammatory diseases.*'™**
Radiopharmaceutical treatment has been shown to downregu-
late NeuGce-modified glycans, suggesting that the radiophar-
maceutical may exert anti-tumor effects by reducing the NeuGc
levels, thereby potentially slowing tumor progression. The ana-
lysis of differentially expressed site-specific glycans showed
that C1qa-N734-H8N2 exhibited the most significant downre-
gulation. Clqa is the A-chain polypeptide of subcomponent
Clqa in the complement system, which is an important com-
ponent of innate immune response. Recent studies have
shown that Clqa can serve as a biomarker for the diagnosis
and prognosis of skin cutaneous melanoma and pancreatic
cancer.**™*® Furthermore, our findings indicate that glycosyla-
tion predominantly regulates extracellular matrix organization,
as shown in Fig. S3C.T This reinforces the significant role of
the glycosylated extracellular matrix in cancer progression®’
and provides an additional perspective for the radiopharma-
ceutical mechanisms.

Additionally, recent phosphoproteome analyses have docu-
mented a DNA damage stress response following antigen-tar-
geted radioligand therapy.'® Consistent with this finding, our
phosphoproteomic analysis identified phosphorylation altera-

This journal is © The Royal Society of Chemistry 2025
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tion in 57 cell cycle-related proteins (Fig. S2Bt) and generated
site-specific phosphorylation maps of key cell cycle proteins,
including Tp53bp1, Rblccl and Rbi. Based on these results,
we hypothesize that ATM and ATR first sense DNA damage
and activate the transducer CHEK1. In addition, ATM phos-
phorylates and activates Tp53bp1,*® and ATM, Tp53bp1 and
CHK1 subsequently phosphorylate p53.*° Activated p53 inhi-
bits the activity of CDK1 and CDK2, leading to cell cycle arrest
in the G1 or G2 phase, respectively (Fig. 4C). Downregulated
phosphorylation of Tp53bp1l results in reduced CDK1 and
CDK2 kinase activity (Fig. 4D), suggesting that tumor cells may
trigger DNA repair mechanisms in response to the radiophar-
maceutical treatment. In addition, p53 can enhance the Rb1
pathway by interacting with Rbicc1.>® Rbilccl activated p16
and dephosphorylated Rb1 by suppressing CDK4.

Proteomic analysis revealed that **°Ac exposure activated
the immune system while suppressing cellular metabolism in
tumor cells. The relative abundances of numerous mitochon-
drial proteins were significantly decreased, implying severe
disruption of mitochondrial respiratory chain functions by the
radiopharmaceutical in tumor cells. Furthermore, recent
studies have highlighted a strong correlation between cellular
metabolism and immune function within tumor cells,
suggesting that targeting metabolic pathways can create a
tumor microenvironment more conducive to immune cell
infiltration and activation.®>***>? Besides, ?*’Ac activated the
hemostasis pathway, and previous studies have reported that
radiopharmaceuticals induced severe hematopoietic function
failure.>*> Given this background, we hypothesize that the
upregulation of hemostasis-related proteins in cluster 2
reflects a compensatory activation of the hemostatic pathway
in tumor cells following radiopharmaceutical treatment. Our
proteomic findings align with these observations, further sup-
porting the interplay between immune responses and meta-
bolic regulation in the context of radiopharmaceutical therapy.

This integrated multi-omics analysis provides a more com-
prehensive perspective than that a single approach could offer.
While the proteome reveals the core functional modules (mito-
chondrial homeostasis and hematopoietic function), the phos-
phoproteome and glycoproteome uncover critical regulatory
layers (phosphorylation-regulated DNA damage and immune
function related to glycosylation) acting upon these modules.
The complementary findings highlight the power of simul-
taneous multi-omics profiling in uncovering the intercon-
nected networks underlying the mechanisms of the radiophar-
maceutical. Future research might focus on verifying the
detailed role of the impact of phosphorylation of DNA repair
proteins, mitochondrial energy metabolism or coagulation
function in the mechanism of radiopharmaceutical.

5. Conclusion

This work decrypted the PTM-governed pathway in tumor cells
treated with the radiopharmaceutical ***Ac and extended our
knowledge of the MoA of radiopharmaceuticals. These results
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also provide valuable clues for future research on potential
radiopharmaceutical resistance and adverse effects. However,
these identified potential key proteins and pathways require
further biological validation before integration into clinical
therapies. Further verification of these proteins in future
studies will enable their clinical application as potential thera-
peutic targets or biomarkers in radiopharmaceutical therapy.
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