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ABSTRACT: Colorectal  cancer  (CRC)  has  high  global
incidence  and  mortality,  yet  effective  diagnostic  tools  for
detecting  the  adenoma  to  adenocarcinoma  transition  are
lacking,  making  identification  of  adenomas  with  malignant
transformation  potential  essential  for  early  diagnosis  and
intervention.  This  study  aimed  to  identify  key  biomarkers
involved  in  the  adenoma-carcinoma  sequence.  Based  on  this
discovery,  we  developed  an  integrated  radionuclide  probe  for
diagnosis  and therapy.  Through a combination of  retrospective
clinical  analysis,  proteomics,  and  cellular  experiments,  we
identified a significant upregulation of heat shock protein beta-1
(HSPB1)  during  the  adenoma–carcinoma  transition,  which  is
closely  associated  with  tumor  proliferation,  invasiveness,  and metastatic  potential.  Based on  this  finding,  we constructed
HSPB1-targeted radiolabeled probes—177Lu-DPTP. In vitro and in vivo, including early CRC patient-derived xenograft (PDX)
and  low  rectal  cancer  models,  177Lu-DPTP  demonstrates  high  targeting  specificity  and  favorable  pharmacokinetics,
selectively accumulates in HSPB1-high tumors, and produces effective imaging and therapeutic outcomes. It enabled non-
invasive diagnosis via molecular imaging while significantly inhibiting tumor growth through targeted radiotherapy, without
notable toxicity. In conclusion, our study highlights the pivotal role of HSPB1 in colorectal adenoma–carcinoma progression
and  demonstrates  the  potential  of  HSPB1-targeted  probes  for  early  diagnosis  and  precision  therapy  of  CRC,  offering  a
promising strategy for improved screening and treatment outcomes.
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 1    Introduction
Colorectal cancer (CRC) is one of the most prevalent malignancies
worldwide,  originating  from  malignant  transformation  of  the
epithelial  cells  lining  the  colon  or  rectum.  It  accounts  for

approximately  10%  of  all  cancer  cases  and  9.4%  of  cancer-related
deaths  globally  [1, 2].  Colorectal  adenomas  are  recognized  as  the
principal  precancerous  lesions  of  CRC.  Although  the  overall
malignant  transformation  rate  of  colorectal  adenomas  is  relatively
low,  the  molecular  mechanisms  underlying  this  transformation
remain  incompletely  understood.  Previous  studies  have  suggested
that the adenoma–carcinoma sequence involves a complex array of
molecular  events,  including  genetic  mutations,  epigenetic
alterations,  and  aberrant  activation  of  the  immune  microenviron-
ment  [3−5].  However,  in-depth  investigations  into  the  role  of
specific key molecules during this progression are still lacking.
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Several  screening  modalities  have  been  developed  for  early
diagnosis  to  reduce  CRC  mortality.  These  include  non-invasive
tests  like  the  fecal  occult  blood  test  (FOBT)  and  liquid  biopsy,
imaging  techniques  such  as  computed  tomography  (CT),  and  the
invasive  gold  standard,  colonoscopy  [6].  Among  them,  FOBT  is
non-invasive  and  cost-effective,  making  it  suitable  for  large-scale
population  screening.  However,  it  suffers  from  limited  sensitivity
for  early-stage  lesions  and  is  prone  to  dietary  and  medication
interference  [7].  While  CT  imaging  is  also  non-invasive,  it  shows
limited  sensitivity  in  detecting  small  or  early-stage  lesions  [8, 9].
Liquid  biopsy,  as  a  minimally  invasive  technique,  analyzes
circulating  tumor  DNA  (ctDNA)  or  miRNAs  to  monitor  tumor-
specific  genetic  alterations  in  real  time.  This  approach  has
demonstrated  considerable  utility  in  therapeutic  response
assessment and disease monitoring in advanced CRC. Nonetheless,
its  clinical  application  remains  constrained  by  limitations  such  as
reduced  sensitivity  for  early-stage  disease,  and  potential  false-
negative results  due to insufficient ctDNA and miRNAs release or
tumor  heterogeneity  [10, 11].  Colonoscopy  is  considered  the  gold
standard  for  CRC  diagnosis,  enabling  direct  morphological
evaluation  of  the  entire  colon,  identification  of  polyps  or  tumors,
and  concurrent  biopsy  or  resection.  However,  its  invasive  nature,
requirement  for  bowel  preparation,  risk  of  perforation,  and  poor
patient  compliance  restrict  its  broad  applicability  in  population-
wide screening programs [12, 13]. Despite the diverse advantages of
current  CRC  screening  methods,  limitations  in  sensitivity,
specificity,  and  accessibility  continue  to  impede  their  large-scale
implementation for early clinical diagnosis.

Radiolabeled  molecular  probes  have  been  widely  applied  in
tumor  diagnosis  and  therapy,  offering  capabilities  for  early  tumor
detection,  precise  molecular  subtyping,  therapeutic  response
evaluation,  and  guidance  of  personalized  treatment  strategies
[14−16].  Several  peptide-based  diagnostic  agents  targeting
molecular  markers  such  as  carcinoembryonic  antigen  (CEA),
human epidermal growth factor receptor 2 (HER2),  and fibroblast
activation protein (FAP) have already entered clinical trials [17, 18].
In the context of CRC diagnosis, multiple radiolabeled probes have
been developed for use in positron emission tomography/computed
tomography  (PET/CT)  and  single-photon  emission  computed
tomography/computed  tomography  (SPECT/CT).  For  instance,
Maleki  et  al.  designed  a  SPECT/CT  probe, 99ᵐTc-HYNIC-EPPT,
targeting the cell surface antigen mucin1 (MUC1), which effectively
distinguished CRC tissues from normal tissues. Similarly, Liu et al.
developed a  PET tracer, 68Ga-DOTA-LS7,  targeting  CD133,  which
enabled non-invasive detection of colorectal tumors [19, 20]. While
PET/CT offers higher sensitivity, the most commonly used imaging
agent, 18F-FDG, demonstrates limited efficacy in detecting advanced
colorectal  adenomas  [21].  Xu  et  al.  reported  that  combining
maximum  standardized  uptake  value  (SUVmax)  from 18F-FDG
PET with colonic wall thickening (CWT) could help identify high-
risk  adenomas;  however,  the  approach  is  constrained  by  strict
diagnostic  criteria,  limited  patient  applicability,  and  the  need  for
confirmatory  colonoscopy  [22].  At  present,  there  is  no  well-
established  biomarker  specifically  for  high-risk  adenomas,
highlighting  the  need  to  develop  radiolabeled  molecular  probes
capable of monitoring adenoma to carcinoma progression for early
CRC diagnosis and intervention.

Here,  we  employed  a  multi-model  approach  involving
retrospective  clinical  analysis,  proteomics,  and  cellular  assays  to
identify  critical  biomarkers  involved  in  adenoma-to-carcinoma

transformation.  We  identified  HSPB1  as  significantly  upregulated
during  this  transition,  with  strong  associations  to  tumor
proliferation,  invasiveness,  and  metastatic  potential.  Emerging
evidence  highlights  heat  shock  protein  beta-1  (HSPB1)'s
multifaceted  role  in  cancer  progression.  It  functions  as  a
transcriptional  co-activator  in  non-small  cell  lung  cancer  by
interacting  with  tRNA-derived  fragments  to  remodel  histone
modifications  and  drive  proliferation  pathways  [23].  In  gastric
cancer,  HSPB1  acts  as  a  downstream  effector  of  the  FYN/TOPK
signaling  axis,  where  its  phosphorylation  enhances  stability  and
promotes  metastasis  [24].  HSPB1  also  regulates  cell‑ death
pathways  such  as  ferroptosis;  in  breast  cancer,  it  confers
chemoresistance  by  stabilizing  nuclear  factor  kappa-light-chain-
enhancer of activated B cells (NF-κB) signaling [25].  These studies
collectively  underscore  HSPB1  as  a  promising  diagnostic  and
therapeutic  target  across  malignancies.  To  enable  real-time
visualization  and  precise  therapeutic  targeting  of  HSPB1,  we
developed a novel HSPB1-targeted peptide probe based on the high-
affinity  sequence  QLSKWVGRCLNIN.  The  probe's in  vivo
pharmacokinetics and targeting properties were optimized through
conjugation  with  4-(p-iodophenyl)  butyric  acid  (IPBA)  and
polyethylene  glycol  (PEG).  The  final  construct, 177Lu-DPTP,
demonstrated  excellent  tumor-targeting  specificity  and  favorable
pharmacokinetics in  vivo.  High-contrast  imaging  and  selective
accumulation  of 177Lu-DPTP  were  observed  in  multiple  animal
models  bearing  HSPB1-overexpressing  tumors.  SPECT/CT
dynamic  imaging  and  biodistribution  studies  further  validated  its
high-resolution imaging and strong tissue selectivity in both patient-
derived xenograft  (PDX) and orthotopic low rectal  cancer models,
achieving  tumor  to  muscle  signal  ratios  exceeding  40-fold.
Importantly, 177Lu-DPTP exhibited potent radiotherapeutic efficacy
in  orthotopic  CRC  models,  inducing  dose-dependent  tumor
suppression  and  prolonging  survival  without  evident  hepatic  or
renal toxicity or systemic adverse effects, underscoring its favorable
biocompatibility  and  safety  profile  (Scheme  1).  Collectively,  this
study  not  only  elucidates  the  biological  significance  of  HSPB1  in
CRC  tumorigenesis  and  progression,  but  also  introduces  the  first
HSPB1-targeted  radiolabeled  peptide  probe  with  dual  diagnostic
and therapeutic capabilities. The successful preclinical validation of
this  theranostic  agent  establishes  an  integrated  platform  for  "early
detection–precise  classification–targeted  therapy"  of  colorectal
cancer.  This  strategy  provides  a  novel  approach  and  practical  tool
for early screening of high-risk adenoma populations and precision
radiotherapy,  offering  substantial  potential  for  clinical  translation
and widespread application.

 2    Results

 2.1    Identification of high-risk adenoma subtypes and key
molecular  alterations  during  adenoma  to  carcinoma
transition
The adenoma-carcinoma sequence  represents  one  of  the  principal
pathways  in  CRC  development,  although  the  overall  malignant
transformation  rate  of  colorectal  adenomas  remains  relatively  low
(approximately  5%).  The  precise  molecular  events  driving  this
transformation are not fully understood. To clarify which adenoma
subtypes are more prone to malignant progression and to elucidate
potential  underlying  mechanisms,  we  conducted  a  retrospective
clinical  analysis  combined  with  proteomic  profiling.  Based  on
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histological characteristics, we selected four representative subtypes
of colorectal adenomas: tubular adenoma, villous tubular adenoma,
tubular  villous  adenoma,  and  villous  adenoma  (Fig.  1(a),  and  Fig.
S1  in  the  Electronic  Supplementary  Material  (ESM)).
Microscopically,  tubular  adenoma  is  characterized  by
predominantly  tubular  glands  arranged  in  a  crowded,  branching,
and  back-to-back  pattern.  The  glandular  contours  are  generally
regular or mildly irregular, with a villous component comprising <
25%  of  the  lesion.  In  contrast,  villous  adenoma  consists  almost
entirely of villous structures, exhibiting numerous elongated finger-
like or leaf-like projections with prominent fibrovascular cores. The
villous structures are diffusely and densely arranged, accounting for
>  75% of  the  lesion.  The  overlying  epithelium often  demonstrates
more  marked  adenomatous  dysplasia.  Both  tubular-villous
adenoma  and  villous-tubular  adenoma  represent  mixed  forms,  in
which  tubular  and  villous  structures  are  present  as  significant
components.  Specifically,  tubular-villous  adenoma  contains  a
villous  component  ranging  from  25%  to  50%,  whereas  villous-
tubular adenoma contains a villous component ranging from 50%
to  75%.  The  overlying  epithelium  in  these  mixed  forms  generally
exhibits  dysplasia.  We  retrospectively  analyzed  clinical  data  from
4123  patients  diagnosed  with  colorectal  adenomas  at  the  First
Affiliated Hospital  of  Soochow University  between 2008 and 2018
and  performed  long-term  follow-up.  The  overall  malignant
transformation rate was 3.8%. Specifically, the transformation rates
were  0.913%  (21/2300)  for  tubular  adenomas,  4.1%  (53/1298)  for
villous-tubular  adenomas,  9.5%  (24/252)  for  tubular  villous
adenoma,  and  21.2%  (58/273)  for  villous  adenomas.  Chi-square
analysis  revealed  statistically  significant  differences  in  CRC
transformation  rates  between  villous  adenoma  and  tubular
adenoma,  tubular  villous  adenoma  and  tubular  adenoma,  and
villous  adenoma  and  tubular  villous  adenoma  (Table  S2  in  the

ESM). Further analysis showed that patients aged > 65 years had a
significant higher risk of CRC development compared to those aged
≤  65  years  (Table  S3  in  the  ESM).  Within  the  tubular  adenoma
group,  age  >  65  years  was  also  significantly  associated  with
increased  CRC  risk  (P =  0.038).  However,  in  the  other  three
subtypes,  no  significant  correlations  were  observed  between
malignant  progression  and  variables  such  as  age,  sex,  lesion
location, or size (Tables S4–S6 in the ESM). Additionally, in villous
adenomas,  rectal  lesions  were  more  likely  to  progress  to  CRC
(Table S7 in the ESM).

To  explore  the  molecular  features  of  malignant  transformation,
we  selected  tissue  samples  from  three  pairs  of  adenoma  patients
who  did  or  did  not  develop  CRC  over  10  years  of  follow-up  and
performed  proteomic  analysis.  Label-free  quantitative  mass
spectrometry  (LC-MS/MS)  was  used  to  analyze  adenoma  tissue
samples,  identifying  6054  proteins  in  total,  with  4404  quantified.
Proteins  with  a  quantitative  ratio  (progression  vs.  control,  P/C)
greater than 1.5 were considered upregulated, and those with a ratio
less than 1/1.5 were considered downregulated. In total, 28 proteins
were  significantly  upregulated  and  33  downregulated  (Table  S8  in
the  ESM).  Further  screening  identified  78  differentially  expressed
proteins  meeting  the  threshold  (|Fold  change|  >  1.4, P <  0.05),
including  36  upregulated  and  42  downregulated  proteins.  A
volcano plot illustrated the top four upregulated and downregulated
proteins  with  the  greatest  fold  change  (Fig.  1(b)),  and  a  heatmap
showed the overall distribution of differential expression (Fig. 1(c)).
These  proteins  were  analyzed  using  the  Search  Tool  for  the
Retrieval  of  Interacting  Genes/Proteins  (STRING)  database,  and
protein–protein interaction (PPI) networks were constructed using
Cytoscape  with  the  MCODE  plugin,  revealing  a  highly  connected
module  containing  43  core  proteins (Fig.  1(d)).  Notably,  HSPB1,
aconitase  2  (ACO2),  STIP1  homology  and  u-box  containing

 

Scheme 1    Schematic diagram of screening for malignant markers of colorectal adenoma to carcinoma transformation and development of nuclear drug diagnosis and
treatment, created with BioRender.
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protein  1  (STUB1),  and  nucleoporin  210  (NUP210)  were
positioned  at  the  center  of  this  network.  To  validate  differential
expression,  we  selected  eight  genes  with  the  most  pronounced
changes  for  quantitative  reverse  transcription  polymerase  chain
reaction  (qRT-PCR)  analysis  in  40  paired  CRC  and  adjacent
normal  tissues.  Among  them,  HSPB1  and  NUP210  were
consistently  upregulated  in  tumor  samples,  with  HSPB1  showing
the  most  significant  increase  (Fig.  1(e) and  Fig.  S2  in  the  ESM).
HSPB1, a small heat shock protein, plays a key role in cellular stress
responses  and  has  been  implicated  in  the  pathogenesis  of  various
cancers.  In  colorectal  cancer,  HSPB1  is  involved  in  tumor
proliferation,  metastasis,  and therapeutic  resistance  [26, 27].  These

findings  suggest  that  HSPB1  may  not  only  participate  in  the
adenoma-to-carcinoma  transition  but  also  contribute  to  CRC
progression,  underscoring  its  potential  as  an  early  diagnostic
biomarker and therapeutic target.

 2.2    Validation  of  HSPB1  expression  during  adenoma  to
carcinoma progression at the protein level
To verify the protein level expression changes of HSPB1 during the
adenoma-to-carcinoma  transition,  we  performed  immunohisto-
chemical  (IHC)  staining  on  tissue  samples  from  10  pairs  of
adenoma patients who either progressed to carcinoma or remained
benign  during  follow-up.  The  results  demonstrated  a  statistically

 

Figure 1    Molecular characterization of high risk adenoma subtypes and adenoma-carcinoma transformation in colorectal adenomas. (a) Representative hematoxylin and
eosin (H&E) staining images of  villous and tubular adenomas in colorectal  tissues.  Scale bars:  100 μm. (b) Quantitative volcano plot displaying differentially expressed
proteins  between  high-risk  and  low-risk  adenomas.  Upregulated  and  downregulated  proteins  are  highlighted.  (c)  Heatmap  showing  the  relative  expression  levels  of
significantly altered proteins across different patient samples. (d) Protein–protein interaction network of differentially expressed proteins. Node color intensity indicates
the degree of connectivity (darker color represents higher degree). (e) qRT-PCR analysis of HSPB1, NUP210,  and DPYSL3 mRNA expression in 40 paired CRC tissue
samples  (n =  40).  Data  are  presented  as  mean  ±  standard  deviation  (SD)  (n =  40).  Statistical  significance  between  paired  tumor  and  adjacent  normal  tissues  was
determined by a paired two-tailed Student’s t-test. ns: not significant; *P < 0.05; ***P < 0.001.
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significant difference in HSPB1 IHC scores between adenomas that
underwent  malignant  transformation  and  those  that  did  not
(Fig. 2(a)). Consistent with previous literature, comparative analysis
of  five  pairs  of  progressive  rectal  cancer  tissues  and  their  adjacent
non-tumorous  counterparts  revealed  a  marked increase  in  HSPB1
expression in the tumor tissues  (Fig.  2(b)).  To further  substantiate
these  findings,  we  systematically  assessed  HSPB1  expression  in  a
cohort of 20 tissue samples representing tubular adenoma, villous-
tubular  adenoma,  villous  adenoma,  and  CRC.  IHC  analysis
revealed  significantly  elevated  HSPB1  expression  in  CRC  tissues
compared  to  adenoma  tissues,  with  the  difference  in  IHC  scores
reaching statistical significance (Fig. 2(c)). These results suggest that
HSPB1  expression  may  increase  progressively  during  CRC
development  and  may  serve  as  a  potential  biomarker  to  predict
malignant transformation of colorectal adenomas.

 2.3    HSPB1  promotes  proliferation,  invasion,  and
migration of colorectal cancer cells
Building  upon  the  tissue  level  validation,  we  next  investigated  the
functional role of HSPB1 expression in colorectal cancer cells. First,
we examined the expression levels of HSPB1 across a panel of CRC

cell  lines,  including  DLD1,  HCT116,  HT29,  HCT8,  LoVo,  RKO,
SW480,  and  SW620.  The  results  showed  that  both  mRNA  and
protein levels of HSPB1 were markedly lower in HT29 and SW620
cells  compared  to  the  other  cell  lines  (Figs.  3(a) and 3(b)).  To
explore  the  potential  role  of  HSPB1  in  CRC  metastasis,  we
ectopically overexpressed HSPB1 in HT29 and SW620 cells using a
lentiviral  system.  The  efficiency  of  transfection  was  confirmed  by
Western  blot  analysis (Fig.  3(c)).  Subsequently,  cell  counting  kit-8
(CCK-8)  assays  were  conducted  to  evaluate  the  impact  of  HSPB1
on  cell  proliferation.  The  results  indicated  that  HSPB1
overexpression  significantly  enhanced  the  clonogenic  capacity  of
both  cell  lines,  suggesting  a  stimulatory  effect  on  proliferation
(Fig.  3(d)).  In  addition,  to  assess  the  effects  of  HSPB1  on  cellular
migration  and  invasion,  we  performed  Transwell  migration  and
Matrigel invasion assays in the HSPB1 overexpressed cells. The data
demonstrated  that  HSPB1  overexpression  substantially  increased
the  migratory  and  invasive  capabilities  of  HT29  and  SW620  cells
(Fig.  3(e)).  Collectively,  these  results  indicate  that  HSPB1 acts  as  a
positive  regulator  of  proliferation,  migration,  and  invasion  in
colorectal cancer cells. These findings suggest that HSPB1 may not
only  contribute  to  the  adenoma-to-carcinoma  transition  but  also
play a critical role in CRC progression. Early and rapid detection of

 

Figure 2    Immunohistochemical  validation of  HSPB1 expression during adenoma to carcinoma progression.  (a)  Representative IHC staining of  HSPB1 in 10 pairs  of
colorectal adenoma tissues with and without malignant transformation. IHC scores are shown on the right. (b) IHC staining of HSPB1 in 5 pairs of progressive colorectal
cancer  tissues  and  corresponding  adjacent  non-tumor  tissues.  IHC scores  are  shown on  the  right.  (c)  Comparative  analysis  of  HSPB1 expression  in  various  stages  of
adenoma and CRC. IHC scores are shown on the right. Scale bars: 100 μm. Statistical significance between paired tumor and adjacent normal tissues was determined by a
paired (in panel (b)) or unpaired (in panels (a) and (c)) two-tailed Student’s t-test. ns: not significant; *P < 0.05; ***P < 0.001, ****P < 0.0001.
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HSPB1  expression  could  thus  provide  valuable  insights  for  early
screening and intervention in colorectal cancer.

 2.4    Design of radiolabeled probes targeting HSPB1
Radiolabeled  protein  or  peptide-based  probes  offer  distinct
advantages in molecular imaging and cancer therapy. Their design
flexibility  allows  for  bio-conjugation  with  various  radionuclides  to
achieve  specific  targeting  of  molecular  markers  [28].  Previous
studies  have  identified  25  peptide  sequences  capable  of  binding to
HSPB1  using  yeast  two-hybrid  screening,  among  which  the  P11
sequence demonstrated the highest affinity [29]. Building upon this,
we  employed  molecular  dynamics  (MD)  simulations  combined
with  molecular  mechanics  with  generalized  born  and  surface  area
(MM-GBSA)  calculations  to  estimate  the  binding  free  energy  of
these  peptides  with  HSPB1.  To  further  optimize  peptide  binding,
we applied the Amber thermodynamic integration (TI) method to
predict  beneficial  mutations  at  key  residues.  Mutations  were
introduced  at  positions  S3,  G4,  and  W5,  generating  six  candidate
sequences  with significantly  enhanced binding energies.  Molecular

docking was performed using the Start GRAMM program, and the
PDBePISA  platform  was  used  to  calculate  binding  interfaces  and
affinity  parameters.  Among  all  sequences  tested,
QLSKWVGRCLNIN  exhibited  the  strongest  binding  energy  with
HSPB1,  reaching −11.6  kcal/mol,  outperforming  P11  and  other
candidates.  The  peptide  showed  excellent  spatial  complementarity
within  the  HSPB1  binding  pocket  and  maintained  stable  binding
under  physiological  conditions  (Figs.  4(a) and 4(b),  Fig.  S3  in  the
ESM).  Based  on  this  sequence,  we  designed  a  novel  HSPB1-
targeting  molecular  probe.  To  enhance  cellular  uptake,  a  cell-
penetrating  peptide  (RKKRRQRRR,  known as  TAT)  was  fused  to
the  N-terminus  of  QLSKWVGRCLNIN,  followed  by  DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic  acid)
conjugation  for  radiolabeling,  yielding  DOTA-TAT-
QLSKWVGRCLNIN  (DTP).  Subsequent  molecular  docking
indicated  that  the  TAT  modified  peptide  maintained  high  affinity
for HSPB1, with a binding energy of −11.9 kcal/mol (Fig. S4 in the
ESM),  suggesting  that  the  addition  of  the  TAT  sequence  did  not
compromise binding efficiency.

 

Figure 3    Functional validation of HSPB1 in CRC cell  lines.  (a) Western blot analysis  of  HSPB1 protein in a panel of  human CRC cell  lines (DLD1, HCT116, HT29,
HCT8, LoVo, RKO, SW480, and SW620). (b) Quantitative real-time PCR analysis of HSPB1 mRNA expression across the same CRC cell line. (c) Western blot validation
of  stable  HSPB1 overexpression  in  HT29 and SW620 cells  following  lentiviral  transduction.  (d)  CCK-8  assays  demonstrating  that  HSPB1 overexpression  significantly
enhances  cell  proliferation  and  clonogenic  potential  in  both  HT29  and  SW620  cells  (n =  3).  (e)  Transwell  migration  and  Matrigel  invasion  assays  showing  increased
migratory and invasive capacities upon HSPB1 overexpression in HT29 and SW620 cells (n = 4).  Data are expressed as mean ± SD. Statistical analysis was performed
using an unpaired two-tailed Student’s t-test. *P < 0.05; ***P < 0.001, ****P < 0.0001.
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A  major  challenge  of  radiolabeled  peptide  probes  is  their  rapid
blood clearance. To improve pharmacokinetics and in vivo stability,
we  incorporated  two  modifications  known  to  enhance  plasma
protein binding and circulation time: 4-(p-iodophenyl) butyric acid
and PEGylation [30, 31]. These modifications yielded two derivative
peptides:  DOTA-IP-TAT-QLSKWVGRCLNIN  (DITP)  and

DOTA-PEG24-TAT-QLSKWVGRCLNIN  (DPTP)  (Fig.  4(c)).
Radiolabeling  efficiency  of  DTP,  DITP,  and  DPTP  with 177Lu  was
evaluated.  HPLC  analysis  showed  a  single  radiolabeled  peak
between  0.2  and  2  min  under  ultraviolet  (UV)  detection,  with
radiochemical yields exceeding 98% for all three peptides (Figs. 4(d)
and 4(e), and Fig. S5 in the ESM). Stability assays demonstrated that

 

Figure 4    Design, synthesis, and in vitro evaluation of HSPB1-targeted radiolabeled peptide probes. Molecular docking analysis of peptide ligands (a) QLSGKVGRCLNIN
and (b) QLSKWVGRCLNIN with HSPB1. (c) Schematic representation of the chemical structures of DTP, DITP, and DPTP, showing the sequential incorporation of 4-
(p-iodophenyl)  butyric  acid  and  PEG24 modifications  to  optimize  pharmacokinetics  detailed  sequences  are  available  in  the  ESM.  (d)  HPLC  profiles  showing  UV
absorption  and  (e)  radiochemical  purity  of 177Lu-labeled  DTP  derivatives.  (f)  Biolayer  interferometry  (BLI)  sensograms  showing  the  real-time  binding  response  of  the
QLSKWVGRCLNIN peptide to immobilized HSPB1 at the indicated concentrations. The KD was calculated to be 67.2 nM. (g) Cellular uptake of free 177Lu versus, 177Lu-
DTP, 177Lu-DITP, and 177Lu-DPTP in CT26-HSPB1 cells at different incubation times. (h) Competitive binding assays showing reduced uptake of 177Lu-DTP, 177Lu-DITP
and 177Lu-DPTP in the presence of 2000-fold excess unlabeled peptide, confirming specific binding to HSPB1. (i) Dose–response curves from competition assays for 177Lu-
DTP, 177Lu-DITP, and 177Lu-DPTP in CT26-HSPB1 cells,  with calculated IC50 values of 11.70, 36.15, and 16.65 nM, respectively. (j) Pharmacokinetic analysis in healthy
mice demonstrating blood half-lives (T1/2) of each probe. (k) Evaluation of plasma protein binding by incubating human serum albumin (HSA) with each probe. Data are
presented as mean ± SD from three independent experiments. Statistical analysis was performed using t-tests. ***P < 0.001, ****P < 0.0001.
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the 177Lu-labeled  peptides  retained  more  than  90%  of  their
radioactivity after 48 h in phosphate-buffered saline (PBS) and 10%
fetal bovine serum (Fig. S6 in the ESM). To biochemically validate
the  direct  and  specific  interaction  between  the  optimized  peptide
QLSKWVGRCLNIN  and  HSPB1,  we  performed  biolayer
interferometry  (BLI).  Recombinant  human  HSPB1  protein  was
immobilized on the biosensor, and the association and dissociation
kinetics  of  the  peptide  were  measured  at  varying  concentrations.
The data fitted well to a 1:1 binding model, yielding an equilibrium
dissociation  constant  (KD)  of  67.2  nM  (Fig.  4(f)).  This  result
provides  direct  quantitative  evidence  of  a  high-affinity  interaction,
confirming  that  the  designed  peptide  specifically  binds  to  HSPB1.
Together with the computational docking analysis, this biochemical
validation  firmly  establishes  QLSKWVGRCLNIN  as  a  suitable
targeting  moiety  for  HSPB1  (Fig.  4(f)).  Furthermore,  we
constructed  a  CT26  cell  line  stably  overexpressing  HSPB1  (CT26-
HSPB1)  via  lentiviral  transduction.  Successful  expression  was
confirmed by Western blot (Figs. S7 and S8 in the ESM). Confocal
microscopy revealed enhanced intracellular uptake of Cy5.5-labeled
DTP  in  CT26-HSPB1  cells  compared  to  controls,  with  significant
accumulation observed after 2 h of incubation (Fig. S9 in the ESM).
Further  uptake  experiments  demonstrated  that  when  incubated
with 177Lu-DTP, 177Lu-DITP,  or 177Lu-DPTP,  CT26-HSPB1  cells
exhibited uptake rates exceeding 18%, significantly higher than cells
incubated  with  free 177Lu  (Fig.  4(g)).  Competitive  inhibition  assays
confirmed target specificity: a 2000-fold excess of unlabeled peptide
reduced  uptake  of  all  three  radiolabeled  peptides  to  below  8%
(Fig. 4(h)), indicating that cellular uptake was largely dependent on
specific HSPB1 binding. To quantitatively evaluate binding affinity,
competition  binding  assays  were  performed  using  graded
concentrations (10−10 to 10−5 M) of unlabeled peptides and 0.74 MBq
of 177Lu-DTP co-incubated with CT26-HSPB1 cells for 6 h. Gamma
counting  followed  by  non-linear  regression  analysis  yielded  IC50
values of 11.70, 36.15, and 16.65 nM for 177Lu-DTP, 177Lu-DITP, and
177Lu-DPTP,  respectively  (Fig.  4(i)).  Among  them,  DTP  exhibited
the  highest  binding  affinity.  To  assess  biocompatibility,  CT26-
HSPB1 cells were incubated with unlabeled DTP at a concentration
of  400  nM.  Cell  viability  remained  high,  indicating  favorable
biosafety  (Fig.  S10  in  the  ESM).  In  cytotoxicity  assays, 177Lu-DTP
showed  significantly  enhanced  dose-dependent  tumoricidal  effects
compared  to  free 177Lu  (Fig.  S11  in  the  ESM).  Pharmacokinetic
profiles were further evaluated in healthy mice.  The blood half-life
(T1/2)  of 177Lu-DTP  was  5.058  min,  while 177Lu-DITP  and 177Lu-
DPTP  exhibited  prolonged  half-lives  of  28.10  and  49.76  min,
respectively (Fig.  4(j)).  Human  serum  albumin  (HSA)  binding
assays revealed that DTP exhibited a low binding rate (~ 10%) after
6 h of incubation, whereas DITP and DPTP achieved binding rates
of  approximately  60%  (Fig.  4(k)),  consistent  with  improved
pharmacokinetic behavior. These data collectively indicate that 4-(p-
iodophenyl)  butyric  acid  and  PEG  modification  can  significantly
enhance  plasma  protein  binding  and  prolong  circulation  time.
Based  on  these  findings, 177Lu-DITP  and 177Lu-DPTP,  which
exhibited  superior  pharmacokinetic  profiles,  were  selected  for
subsequent in vivo studies. In summary, we successfully developed
a  class  of  HSPB1-targeted  peptide  probes  with  high  binding
specificity  and  favorable  stability,  enabling  precise  monitoring  of
HSPB1  expression  for  potential  applications  in  colorectal  cancer
imaging and therapy.

 2.5    Imaging and therapeutic evaluation of 177Lu-DITP and
177Lu-DPTP targeting HSPB1
To  further  characterize  the in  vivo profile  of 177Lu-DTP,  we
performed  a  quantitative  biodistribution  study  in  CT26-HSPB1
tumor-bearing  mice  at  2,  4,  8,  and  24  h  post-injection. 177Lu-DTP
showed  specific,  time-dependent  accumulation  in  tumors,  with
peak uptake at  4 h (3.8% ± 0.3% inhibitory dose (ID)/g),  followed
by  gradual  clearance (Fig.  S12  in  the  ESM).  Non-target  organ
uptake  remained  low,  consistent  with  its  favorable  targeting
selectivity and rapid renal clearance. The observed decline in tumor
uptake after 8 h may be related to the relatively short blood half-life
of the unmodified peptide scaffold. Given the relatively short blood
half-life  of  DTP,  we  selected 177Lu-DITP  and 177Lu-DPTP  which
exhibit  superior  pharmacokinetic  properties  for  subsequent
theranostic validation using subcutaneous xenograft tumor models
(Fig.  5(a)).  In  mice  bearing  dual  tumors  of  HT29  (control)  and
HT29-HSPB1  (overexpressing),  dynamic  SPECT/CT  imaging  was
performed  after  intravenous  administration  of 177Lu-DPTP
(14.8 MBq per mouse). Radiotracer uptake was observed as early as
2 h post-injection in the HSPB1 positive tumor on the right flank,
while  the  control  tumor  on  the  left  exhibited  minimal  signal.
Tumor  uptake  plateaued  at  4  h,  showing  a  high  tumor  to
background  contrast  over  time  (Fig.  5(b)).  To  confirm  targeting
specificity,  a  blocking study was conducted by pre-injecting excess
unlabeled  DPTP  (2  mmol)  one  hour  prior  to  radiotracer
administration. In the blocked group, radioactivity accumulation in
the HT29-HSPB1 tumors was significantly reduced, with attenuated
signals  at  24  h  post-injection,  confirming  the  specific  binding  of
177Lu-DPTP  to  HSPB1.  Biodistribution  data  further  revealed  that
177Lu-DPTP  was  predominantly  cleared  via  renal  excretion  while
showing  selective  retention  in  HSPB1  overexpressed  tumors
(Fig.  5(c)).  Following successful  validation in the HT29 model,  we
evaluated 177Lu-DPTP  targeting  performance  in  the  CT26  model.
Mice  bearing  CT26  (HSPB1-negative)  and  CT26-HSPB1  tumors
received  intravenous  injections  of 177Lu-DPTP  (14.8  MBq  per
mouse).  Dynamic  SPECT/CT imaging showed minimal  uptake  in
CT26  tumors,  comparable  to  normal  tissue,  while  CT26-HSPB1
tumors exhibited specific radiotracer accumulation beginning at 4 h
and excellent tumor to background contrast by 8 h. No significant
radioactivity  retention  was  observed  in  non-tumor  tissues  except
the  kidneys  (Fig.  5(d)).  Blocking  experiments  further  confirmed
specificity; pre-injection of unlabeled DPTP markedly reduced 177Lu-
DPTP uptake in CT26-HSPB1 tumors without altering distribution
in  normal  tissues  (Fig.  5(e)).  Quantitative  biodistribution  analysis
(3.7  MBq  per  mouse)  revealed  time-dependent  uptake  in  CT26-
HSPB1 tumors, with values of 2.56 ± 0.3, 2.98 ± 0.2, 4.12 ± 0.2, and
5.9 ± 0.4 %ID/g at 2, 4, 8, and 24 h, respectively. Uptake in tumor
tissue  was  significantly  higher  than  in  other  organs  (excluding
kidneys),  and  the  tumor  to  muscle  ratio  reached  up  to  40  ±  15
(Fig. 5(f) and Fig. S13(a) in the ESM). These results confirmed that
177Lu-DPTP  accumulation  was  specifically  mediated  by  HSPB1
expression and primarily cleared through renal pathways. We next
evaluated  the  targeting  capability  of 177Lu-DITP.  In  the  dual
CT26/CT26-HSPB1  tumor  model,  mice  received  intravenous
injections  of 177Lu-DITP  (14.8  MBq  per  mouse).  SPECT/CT
imaging showed no discernible signal in CT26 tumors, while CT26-
HSPB1 tumors exhibited clear radiotracer uptake beginning at 4 h
and  reaching  a  stable  distribution  by  8  h,  with  high  tumor  to
background  contrast  (Fig.  5(g)).  Notably,  significant  liver
accumulation  was  observed,  likely  due  to  uptake  by  the
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reticuloendothelial  system  (RES)  [32].  Blocking  studies
demonstrated  that  pre-injection  of  unlabeled  DITP  significantly
reduced  tumor  uptake  of 177Lu-DITP  in  CT26-HSPB1  tumors,
reinforcing HSPB1-mediated specificity  (Fig.  5(h)).  Biodistribution
data  confirmed  time-dependent  uptake  in  CT26-HSPB1  tumors,
with uptake values of 3.6 ± 0.1, 4.2 ± 0.2, 5.15 ± 0.2, and 6.5 ± 0.5
%ID/g  at  2,  4,  8,  and  24  h,  respectively  (Fig.  5(i)).  The  tumor  to
muscle  ratio  reached  15  ±  5  (Fig.  S13(b)  in  the  ESM).  However,
liver  uptake  was  as  high  as  40–60  %ID/g,  raising  concerns
regarding  potential  hepatic  radiation  toxicity.  Uptake  in  other
organs,  including  the  skeleton,  remained  lower  than  in  HSPB1
overexpressed  tumors.  These  findings  suggest  that  although 177Lu-
DITP  exhibits  promising  tumor-targeting  capability,  its  significant
hepatic retention may limit its clinical applicability. PEGylation is a
well-established  strategy  for  improving  the  pharmacokinetics  of
radiopharmaceuticals  by  enhancing  solubility  and  prolonging
circulation time. This modification also reduces non-specific uptake
by  the  RES.  In  comparison  to 177Lu-DITP,  the  PEGylated  variant
177Lu-DPTP  exhibited  comparable  HSPB1-specific  tumor  targeting

along  with  improved  pharmacokinetic  behavior.  Based  on  these
collective  results,  we  selected 177Lu-DPTP  for  subsequent in  vivo
therapeutic  studies.  This  probe  demonstrated  the  ability  to
selectively  bind  HSPB1  and  accurately  visualize  its  expression  in
tumor tissues.

 2.6    Imaging  and  therapeutic  evaluation  of  177Lu-DPTP  in
PDX and low rectal cancer models
PDX  models  preserve  the  histological  architecture,  molecular
heterogeneity, and therapeutic response profiles of primary tumors
and  have  become  a  crucial  bridge  between  basic  research  and
clinical  applications  [33, 34].  We  investigated  whether 177Lu-DPTP
could  be  used  to  detect  endogenous  HSPB1  expression  as  an
indicator  of  disease  status  in  early  stage  CRC.  Tumor  tissues  with
early  malignant  features  were  selected  from  surgical  samples  of
CRC patients,  sectioned into  small  fragments,  and subcutaneously
implanted  into  nude  mice  to  establish  PDX  models.  Stable  and
reproducible  CRC-PDX  models  were  obtained  through  serial

 

Figure 5    SPECT/CT imaging and biodistribution analysis of 177Lu-labeled HSPB1-targeting peptide probes in subcutaneous tumor models. (a) Schematic illustration of a
bilateral subcutaneous tumor mouse model with differential HSPB1 expression: high on the right (side) (HSPB1+ tumor) and low on the left (side) (control tumor). (b)
SPECT/CT images of mouse with HT29-N (R) and HT29-HSPB1 (L) tumors at various time points after i.v. injection of 177Lu-DPTP (14.8 MBq per mouse). (c) Blocking
experiments  showing  diminished  uptake  of 177Lu-DPTP  in  HT29-HSPB1  tumors  after  pre-injection  of  excess  unlabeled  DPTP,  confirming  binding  specificity.  (d)
SPECT/CT images of mouse with CT26-N (R) and CT26-HSPB1 (L) tumors at various time points after i.v. injection of 177Lu-DPTP (14.8 MBq per mouse). (e) Blocking
experiments  with  unlabeled  DPTP  significantly  reduced  probe  uptake  in  CT26-HSPB1  tumors  without  affecting  distribution  in  normal  tissues.  (f)  Analysis  of  the
biodistribution of 177Lu-DPTP in the mice. (g) SPECT/CT images of mouse with CT26-N (R) and CT26-HSPB1 (L) tumors at various time points after i.v. injection of
177Lu-DITP (14.8 MBq per mouse). (h) Blocking experiments demonstrating that pre-treatment with excess unlabeled DITP significantly suppressed 177Lu-DITP uptake in
CT26-HSPB1 tumors. (i) Analysis of the biodistribution of 177Lu-DITP in the mice. Data are presented as mean ± SD from three independent experiments (n = 3).
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passaging.  To  evaluate  the in  vivo behavior  of 177Lu-DPTP,  mice
bearing CRC-PDX tumors received intravenous injections of 177Lu-
DPTP (14.8 MBq per mouse), followed by SPECT/CT imaging at 1,
2, 4, 8 and 24 h post-injection. The results showed clear radiotracer
accumulation at the tumor site beginning at 2 h, peaking at 4 h, and
remaining  stable  thereafter.  Apart  from  renal  clearance,  no
significant uptake was observed in normal tissues (Fig. 6(a)). These
findings indicate that 177Lu-DPTP enables effective imaging of early-
stage  CRC  lesions  and  provides  direct  visual  support  for  early
diagnosis.  We  further  assessed  the  therapeutic  potential  of 177Lu-
DPTP in a low rectal  cancer model.  Given the clinical  importance
of anus-preserving treatment in low rectal cancer (typically defined
as  tumors  located  ≤  5  cm from the  anal  verge),  early  intervention
with  radiolabeled  targeted  therapy  offers  the  potential  to  both
control tumor progression and preserve anal function, significantly
improving  patient  quality  of  life.  CT26-HSPB1  tumor  cells  were
orthotopically implanted into the distal  rectum of BALB/c mice to

establish the model. Due to uncertainty in urinary excretion, direct
SPECT/CT imaging of  the rectal  region could be affected by non-
specific  signals.  To  avoid  this,  24  h  post-injection  of 177Lu-DPTP
(14.8 MBq per mouse), ex vivo SPECT/CT imaging was performed
on  harvested  heart,  liver,  spleen,  lung,  kidney,  and  tumor  tissues.
The  images  revealed  a  high  tumor  to  background  contrast
(Fig.  6(b)).  Quantitative  biodistribution  analysis  further  confirmed
that 177Lu-DPTP  accumulated  in  the  orthotopic  rectal  tumor  with
an  uptake  of  approximately  5  ±  0.6  %ID/g  (Fig.  6(c)),
demonstrating  effective  localization  of  the  probe  at  the  low  rectal
tumor site. To definitively ascertain whether the therapeutic efficacy
required  the  covalent  conjugation  of  the  radionuclide  to  the
targeting peptide,  an additional control group was evaluated.  Mice
bearing CT26-HSPB1 tumors were treated with a physical mixture
of non-radiolabeled DPTP and free 177Lu (Group G6), administered
at the same peptide (5 nmol) and radioactivity (14.8 MBq) doses as
the  high-dose 177Lu-DPTP  group  (G5).  Notably,  the  physical

 

Figure 6    SPECT/CT imaging and therapeutic evaluation of 177Lu-DPTP in PDX and orthotopic low rectal cancer models. (a) SPECT/CT images of a colorectal cancer
PDX model with high endogenous HSPB1 expression at 1, 2, 4, 8, and 24 h after intravenous injection of 177Lu-DPTP (14.8 MBq per mouse), showing progressive and
tumor-specific accumulation with minimal off-target distribution. (b) SPECT/CT imaging of major organs (heart, liver, spleen, lungs, kidneys) at 24 h post-injection of
177Lu-DPTP  in  a  CT26-HSPB1  orthotopic  low  rectal  tumor  model,  confirming  high  tumor-to-background  signal.  (c)  Biodistribution  analysis  of 177Lu-DPTP  in  the
orthotopic rectal  tumor model,  showing specific accumulation in tumor tissue.  Data are presented as mean ± SD (n = 5).  (d) Tumor growth curves of CT26-HSPB1-
bearing mice treated with PBS (G1), DPTP (20 nM, G2), free 177Lu (14.8 MBq, G3), 177Lu-DPTP (7.4 MBq, G4), and 177Lu-DPTP (14.8 MBq, G5), showing dose-dependent
tumor suppression over 14 days.  (e)  Kaplan–Meier survival  analysis  demonstrating improved survival  in 177Lu-DPTP-treated groups,  particularly at  14.8 MBq dose.  (f)
Body weights monitoring across treatment groups show no significant fluctuations, suggesting minimal systemic toxicity. (g) Representative histological sections of tumor
tissues stained with H&E and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL), revealing extensive cell damage and apoptosis in tumors from the
177Lu-DPTP (14.8 MBq) treatment group. Data are presented as mean ± SD from five independent experiments, statistical significance was determined by an unpaired two-
tailed Student’s t-test. ****P < 0.0001.
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mixture (G6) failed to inhibit tumor growth, with kinetics similar to
the  PBS  control  (G1),  whereas  the  covalently  conjugated 177Lu-
DPTP  (G5)  remained  highly  effective (Fig.  S14  in  the  ESM).  This
result conclusively demonstrates that the observed antitumor effect
is not attributable to nonspecific co-localization or synergy between
separately  administered  components  but  is  strictly  dependent  on
the  covalent,  peptide-mediated  targeting  of 177Lu  to  HSPB1-
expressing  tumors.  Immunohistochemistry  analysis  of  HSPB1
expression  in  both  PDX  and  orthotopic  rectal  tumor  models
revealed  strong  HSPB1  staining  in  subcutaneous  and  PDX  tumor
tissues  (Fig.  S15  in  the  ESM),  corroborating  radiotracer  uptake
patterns  observed  in  SPECT/CT  imaging.  To  evaluate  therapeutic
efficacy,  we conducted a systematic treatment study using BALB/c
mice  bearing  subcutaneous  CT26-HSPB1  tumors.  Mice  were
randomly assigned to five groups: G1: PBS, G2: 20 nM DPTP, G3:
14.8 MBq free 177Lu, G4: 7.4 MBq 177Lu-DPTP, G5: 14.8 MBq 177Lu-
DPTP.  Tumor  volumes  were  measured  every  two  days  post-
injection.  Compared  with  free 177Lu  and  DPTP  alone, 177Lu-DPTP
significantly suppressed tumor growth and prolonged survival in a
dose-dependent  manner  (Figs.  6(d) and 6(e)).  To  evaluate
treatment  safety,  mouse  body  weight  was  monitored  throughout
the  study,  and  no  significant  changes  were  observed  (Fig.  6(f)).
Histopathological  examination  of  tumors  from  different  groups
revealed extensive cellular damage and apoptosis in tumors treated
with  14.8  MBq 177Lu-DPTP,  indicating  a  robust  anti-tumor  effect
(Fig. 6(g)). To further assess safety, heart, liver, spleen, lung, kidney,
and blood samples were collected 30 days post-treatment from the
14.8  MBq 177Lu-DPTP  group  for  biochemical  and  hematological
analysis.  No  significant  differences  were  observed  compared  to
control  groups,  and  no  signs  of  radiation  induced  toxicity  were
detected  (Figs.  S16(a)  and  S16(b)  in  the  ESM).  Together,  these
findings demonstrate that 177Lu-DPTP not only exhibits potent anti-
tumor activity in both PDX and low rectal  tumor models but also
possesses  excellent  biocompatibility  and  safety,  supporting  its
potential  for  clinical  translation  in  early  diagnosis  and  targeted
radionuclide therapy of colorectal cancer.

 3    Discussion
CRC is one of the most prevalent malignancies worldwide. Despite
continuous  advancements  in  screening  strategies,  early  diagnosis
and  precision  therapy  remain  major  clinical  challenges.  Current
understanding  of  CRC  pathogenesis  emphasizes  the  adenoma-
carcinoma  sequence  as  the  principal  pathway  of  tumorigenesis.
However, the key molecular mechanisms driving this transition are
still not fully elucidated. In this study, through retrospective clinical
analysis  and  proteomic  profiling,  we  characterized  the  malignant
transformation potential of distinct adenoma subtypes, and for the
first  time,  systematically  revealed the  pivotal  role  of  the  small  heat
shock  protein  HSPB1  in  the  adenoma-to-carcinoma  transition.
Recent studies have shown that members of the heat shock protein
(HSP) family play critical  roles in tumor progression.  HSPB1, as  a
prominent  member  of  this  family,  has  been  reported  to  correlate
with  poor  prognosis  and  therapeutic  resistance  across  various
malignancies.  Furthermore,  accumulating  evidence  indicates  that
HSPB1  regulates  cell  proliferation,  migration,  invasion,  and
reshaping  of  the  tumor  microenvironment  [26, 27, 35, 36].
Consistent with these findings, our results demonstrate that HSPB1
is significantly upregulated during the malignant transformation of
adenomas and in CRC tissues, supporting its potential role as a key

oncogenic driver and providing a strong theoretical basis for its use
as an early diagnostic biomarker.

Currently,  the  detection  of  high-risk  adenomas  and  early-stage
CRC  predominantly  depends  on  traditional  colonoscopy  and
imaging.  Nevertheless,  these  methods  face  limitations,  including
invasiveness,  suboptimal  patient  compliance,  and  inadequate
sensitivity for early lesions [37, 38]. In contrast, molecular imaging
using  targeted  probes  has  emerged  as  a  promising  tool  for  non-
invasive  cancer  detection  due  to  its  high  sensitivity  and  specificity
[39, 40].  Among  them,  theranostic  radiopharmaceuticals  labeled
with 177Lu  have  shown  significant  success  in  solid  tumors  such  as
prostate  and  neuroendocrine  cancers  [41, 42].  Therefore,
developing  a  radiolabeled  peptide  probe  targeting  HSPB1  could
offer a novel breakthrough in the early diagnosis and treatment of
CRC.  In  this  study,  we  rationally  designed  three 177Lu-labeled
peptide  probes  (DTP,  DITP,  and  DPTP)  based  on  a  high-affinity
HSPB1-binding  peptide.  Through  structural  modifications
including  PEGylation  and  4-(p-iodophenyl)  butyric  acid
conjugation,  we  significantly  improved  the  pharmacokinetic
profiles  and  targeting  performance  of  these  probes.  Among  them,
177Lu-DPTP  exhibited  exceptional  tumor  selectivity  and  imaging
contrast  in  both  CRC-PDX  and  orthotopic  low  rectal  cancer
models.  Importantly,  it  also  demonstrated  potent  dose-dependent
anti-tumor  effects  without  eliciting  systemic  toxicity.  These  results
validate  the  clinical  feasibility  and  translational  potential  of  an
HSPB1-targeted theranostic strategy.

Nevertheless,  this  study  has  several  limitations.  This  study  has
certain  limitations.  First,  the  diagnostic  performance  of  HSPB1
requires  validation  in  larger  clinical  cohorts.  Second,  despite
promising  preclinical  results,  translational  challenges  such  as
potential  immunogenicity  and  interspecies  metabolic  differences
need  to  be  addressed.  Furthermore,  integrating  emerging  PET
imaging  radionuclides  such  as 68Ga  and 89Zr  may  help  further
enhance  imaging  resolution  and  clinical  applicability  [43, 44].  In
summary,  this  study  is  the  first  to  establish  the  critical  regulatory
role  of  HSPB1  in  the  malignant  transformation  of  colorectal
adenomas and to develop an effective HSPB1-targeted radiolabeled
theranostic  probe, 177Lu-DPTP.  This  innovative  approach  provides
not  only  a  new  molecular  target  and  platform  for  early  diagnosis
and  precision  therapy  of  CRC  but  also  a  research  paradigm  for
screening and treating other solid tumors.

 4    Conclusions
Through  long  term  clinical  cohort  analysis  combined  with
proteomics, we identified HSPB1 as a key driver in the progression
from  colorectal  adenoma  to  carcinoma.  HSPB1  was  found  to  be
significantly  upregulated  in  high  risk  adenoma  subtypes  and  early
stage  CRC  tissues,  with  its  expression  closely  associated  with
enhanced cell proliferation, migration, and invasion. Leveraging the
functional relevance of HSPB1, we designed a series of radiolabeled
peptide  probes.  Through  iterative  structural  optimization,  we
ultimately  developed 177Lu-DPTP,  which  exhibits  high  affinity  for
HSPB1  and  favorable  pharmacokinetic  properties. In  vivo
experiments demonstrated that 177Lu-DPTP selectively accumulated
in  HSPB1-overexpressing  tumors,  enabled  high-contrast
SPECT/CT imaging, and effectively inhibited tumor growth in both
PDX  and  orthotopic  low  rectal  cancer  models.  Importantly, 177Lu-
DPTP  achieved  significant  therapeutic  efficacy  without  inducing
systemic  toxicity,  indicating  good  biocompatibility  and  safety.
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Overall,  we  present  a  novel  HSPB1-targeted  theranostic  strategy
that  not  only  offers  a  reliable  tool  for  early  precision  imaging  of
CRC  but  also  establishes  a  new  molecular  target  and  technical
platform for  radiotherapeutic  intervention,  with  promising  clinical
translation potential.

 Electronic  Supplementary  Material: Supplementary  material
(peptide  synthesis,  radiolabeling  procedures,  cell  culture,
establishment  of  stable  cell  lines,  and  all  experimental  assays,  and
tables of clinical cohort analysis, adenoma transformation statistics,
and  differentially  expressed  proteins)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/NR.2026.
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