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ABSTRACT
◥

Purpose: The current approach for molecular subtyping of
colon cancer relies on gene expression profiling, which is invasive
and has limited ability to reveal dynamics and spatial heteroge-
neity. Molecular imaging techniques, such as PET, present a
noninvasive alternative for visualizing biological information
from tumors. However, the factors influencing PET imaging
phenotype, the suitable PET radiotracers for differentiating
tumor subtypes, and the relationship between PET phenotypes
and tumor genotype or gene expression–based subtyping remain
unknown.

Experimental Design: In this study, we conducted 126 PET scans
using four different metabolic PET tracers, [18F]fluorodeoxy-D-
glucose ([18F]FDG), O-(2-[18F]fluoroethyl)-l-tyrosine ([18F]FET),
30-deoxy-30-[18F]fluorothymidine ([18F]FLT), and [11C]acetate
([11C]ACE), using a spectrumof five preclinical colon cancermodels
with varying genetics (BMT, AKPN, AK, AKPT, KPN), at three sites

(subcutaneous, orthograft, autochthonous) and at two tumor stages
(primary vs. metastatic).

Results: The results demonstrate that imaging signatures are
influenced by genotype, tumor environment, and stage. PET imag-
ing signatures exhibited significant heterogeneity, with each cancer
model displaying distinct radiotracer profiles. Oncogenic Kras and
Apc loss showed the most distinctive imaging features, with
[18F]FLT and [18F]FET being particularly effective, respectively.
The tissue environment notably impacted [18F]FDG uptake, and in
a metastatic model, [18F]FET demonstrated higher uptake.

Conclusions: By examining factors contributing to PET-
imaging phenotype, this study establishes the feasibility of non-
invasive molecular stratification using multiplex radiotracer PET.
It lays the foundation for further exploration of PET-based
subtyping in human cancer, thereby facilitating noninvasive
molecular diagnosis.

Introduction
Colorectal cancer, the second leading cause of cancer-related deaths,

poses a substantial challenge due to its inherent tumor heterogeneity,
resulting in varied responses and outcomes among patients (1–3). To
improve therapeutic approaches, it is crucial to develop a compre-
hensive understanding of the biological and diagnostic distinctions
between subtypes of colon cancer. In response to this imperative,
the community collaborated to create the consensus molecular
subtypes (CMS), which classify colorectal cancer into four distinct
subtypes based on transcriptional profiling. Each subtype possess
prognostic value and exhibits unique characteristics. For example,
CMS1 is characterized by microsatellite instability (MSI), CMS2
demonstrates canonical activation of WNT pathways, CMS3 is
associated with metabolic dysregulation, and CMS4 is marked by
stromal infiltration (4).

The identification of subtypes in colorectal cancer aims to facilitate
effective interventions specific to each subtype, similar to the use of
BRAF inhibitors for BRAFV600E mutant tumors and EGFR inhibitors
for wild-type RAS tumors (5). The development of stratified treatment
using CMS profiling is ongoing, and early signs indicate that in the
neoadjuvant setting, CMS2 and CM3 groups respond better to 5FU
chemotherapy compared with CMS4 and CMS1 groups, which, due to
MSI, are more responsive to checkpoint inhibition (6). However,
currentmethods for profiling and stratification rely heavily on invasive
procedures such as tumor biopsies or surgical resection. Although
biopsies are essential for acquiring tumor samples, they are associated
with limitations including sampling bias and potential complications
such as bleeding, inflammation, and tumor seeding. These factors can
adversely impact prognosis (7–10). Furthermore, obtaining biopsies or
surgically resected tissuesmaynot be feasible, particularly atmetastatic
sites (11). Liquid biopsies for circulating tumor DNA are less invasive
but only provide information on tumor genotype and may not inform
on tumor phenotype.

To overcome these limitations, noninvasive molecular diagnosis
with PET is a promising alternative. Although the radiotracer
[18F]fluorodeoxy-D-glucose ([18F]FDG) is commonly utilized in the
staging of colorectal tumors due to high glucose uptake, other PET
tracers targeting specific molecular tumor features, even without
universal uptake, may effectively distinguish between clinically action-
able subtypes (12). Recent advancements in PET radiotracers have
demonstrated their superior ability to predict treatment response
compared with conventional IHC methods (11, 13, 14). Although
highlymultiplexed PET imaging studiesmaynot be practical in clinical
settings, the availability of multiple PET tracers beyond [18F]FDG
opens up new possibilities for clinical use. Technologies like total body
PET, which require lower radioactive doses, offer opportunities for
limited tracer multiplexing (15). However further investigation is
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needed to determine the complementarity, implementation and selec-
tion of these new agents and stratification strategies.

Incorporating PET imaging into the molecular diagnosis of colo-
rectal cancer necessitates a comprehensive understanding of the
intrinsic and extrinsic factors that influence imaging phenotype.
Previous studies have identified certain tumor factors that associated
with specific PET tracer uptake patterns. For instance, mutations in
KRAS or loss of the tumor suppressor p21 have been linked to
increased [18F]FDG and decreased 30-deoxy-30-[18F]fluorothymidine
([18F]FLT) uptake, respectively (16, 17). The tumor microenviron-
ment and its various components also contribute to changes in
PET phenotype. For example, hypoxia and reduced perfusion gradi-
ents lead to metabolic heterogeneity and increased [18F]FDG and
[18F]fluoromisonidazole ([18F]FMISO) uptake (18, 19). In addition, as
tumors grow, spread, and metastasize, they undergo biological
changes, resulting in increased [18F]FDG uptake, which can be
used for tumor staging (20, 21). Establishing the connection
between tumor factors and imaging phenotypes can be a powerful
approach. For instance, the association between [18F]FDG PET and
KRASmutations has been suggested as a means to select patients for
EGFR inhibitor treatment. However, the accuracy of FDG in this
regard is insufficient for widespread use, and it is possible that other
PET tracers or additional genetic or transcriptional features might
enhance our ability to effectively distinguish between different
aspects or characteristics of colorectal cancer (22). Fundamentally,
PET phenotypes are influenced by complex interactions, and our
understanding of the relative contributions of genetics, transcrip-
tion, microenvironment, and stage to the multitude of PET imaging
phenotypes remains incomplete.

To gain insights into the biological factors influencing PET imaging
signatures, our study generated 126 PET imaging profiles using four
PET radiotracers in state-of-the-art colon cancer organoid models
generated using five genetically engineered mouse models (GEMM)
that reflect the genetic drivers found in human patients with colon
cancer.We identified themost effective radiotracers for separation and
determined the most distinctive transcriptional and genetic features.
By employing various cancer models and implantation sites, we
independently assessed the impact of tumor genetics, tumor micro-
environment, and metastatic evolution on PET imaging signatures.
The use of PET imaging for cancer characterization offers comple-

mentary advantages to molecular profiling, enabling the noninvasive
identification of spatial heterogeneity, tumor evolution, and postther-
apy subtype switching. This study systematically examined the effect of
tumor and environmental factors on PET imaging phenotypes, con-
tributing to a better understanding of the major determinants of PET
imaging signatures in colon cancer and paving the way for the use of
PET as a tool for patient stratification.

Materials and Methods
In vivo mouse models

All experiments were performed according to the UK Home
Office regulations (project license No. 70/8646) with approval from
the local ethical review committee of the University of Glasgow
(AWERB). Therewas no group randomization nor researcher blinding
to genotype.

GEMM
Mouse models were derived from nine alleles as described previ-

ously: VillinCreER, Apcfl/þ (23), KrasG12D/þ (24), Rosa26N1icd/þ (25),
Mlh1fl/fl (26), BrafV600E/þ (27),Tgfbr1/Alk5 fl/fl (28), Tgfbr2fl/fl (29), and
Trp53fl/fl (30). We utilized six GEMM: Apcfl/þ (A), Apcfl/þ KrasG12D/þ

(AK), BrafV600E/þ Mlh1fl/fl Tgfbr2fl/fl (BMT), Apcfl/þ KrasG12D/þ

Trp53fl/fl Tgfbr1/Alk5 fl/fl (AKPT), Apcfl/þ KrasG12D/þ Trp53fl/fl

Rosa26N1icd/þ (AKPN), and KrasG12D/þ Trp53fl/fl Rosa26N1icd/þ (KPN;
refs. 26, 31, 32). We induced tumors in male and female (6–12 weeks
old) mice by recombination ofVillinCreER via 80mg/kg intraperitoneal
injection of tamoxifen (Sigma-Aldrich, T5648). Mice were aged until
they showed clinical signs such as anemia, hunching, or weight loss.
The GEMMwere used for RNA transcriptional analysis, except for the
KPN, which was imaged with [18F]FDG PET/MRI. Details of all mice
used in these studies are presented in Supplementary Table S1.

Colon cancer organoids
We utilized six different mouse-derived colon cancer organoid lines

from five GEMM, as described previously (31). One organoid line per
genotype (AK, BMT, AKPT, and AKPN and a KPN primary
and metastasis pair) were used in imaging studies (Supplementary
Table S1). Organoids were grown in growth factor-reduced Matrigel
(Corning, Catalog No. 356231) in a 3D system (15). Advanced
DMEM/F12 (Invitrogen, Catalog No. 12634–028) was supplemented
with 2 mmol/L glutamine, 10 mmol/L HEPES, and 100 U/mL peni-
cillin/streptomycin (Thermo Fisher Scientific, 15140122), B27 (Invi-
trogen, Catalog No. 12587–010), and N2-supplement (Thermo Fisher
Scientific, 17502001). For culturing organoids, 100 ng/mL Noggin
(Peprotech, Catalog No. 250–38), 500 ng/mL R-spondin (R&D Sys-
tems, Catalog No. 3474-RS), and 50 ng/mL EGF (Peprotech, Catalog
No.AF-100–15)were added.Organoidswere cultured in six-well plates
(BDFalcon) at 37�C in an atmosphere containing 5%CO2 and 95% air.

Implantable tumor models
For subcutaneous tumors, CD-1 nude male mice (approximately

6 weeks old) were purchased from Charles River Laboratories Inc.
CD-1 nude mice, which lack functional T cells, were used to improve
implantation rates of the organoid lines on various genetic back-
grounds. All mice were housed in a specific pathogen-free facility in
individually ventilated cages (IVC) for 1 week for acclimatization.
Tumor allografts with all six organoid lines; AK (n¼ 5), BMT (n¼ 6),
AKPT (n ¼ 5), AKPN (n ¼ 5), KPN (n ¼ 5) colon tumor organoids,
and a matched KPN liver metastasis (n ¼ 5) organoid were induced
by subcutaneous injection into the right shoulder blade of mice

Translational Relevance

Patient stratification is a crucial step toward implementing
personalized treatment for patients with colon cancer. Gene
expression profiling has significantly improved the stratification
of patients; however, the major limitation of genomic technologies
is their dependence on tissue samples. In this study, we introduce a
novel imaging approach using multiplexed PET radiotracer
imaging in a diverse range of colon cancer mouse models. We
systematically investigate the impact of tumor genetics, envi-
ronment, and stage on tumor phenotypes, aiming to compare
and contrast the impact of tumor intrinsic and extrinsic factors
on PET imaging signatures. With the advent of low-dose total-
body PET imaging technology, the application of multi-
radiotracer PET tracers in clinical populations is more achiev-
able. The facile categorization of tumor molecular features into
distinct biological groups will aid the targeted administration of
new treatments for patients with colon cancer.

Multiplex PET for Colon Cancer Stratification
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(50 organoids/mouse) in a 100-mL volume (Supplementary Fig. S2).
After allograft transplantation, the mice were monitored for tumor
growth, weight loss, paling feet, and any other clinical symptoms
three times per week. Tumor allografts were grown for approxi-
mately 2 weeks before PET/MR imaging. The same subcutaneous
KPN implanted mice (n ¼ 5) were used as a reference in compar-
isons between models, implantation sites, and between primary and
metastasis. For orthograft tumors, male C57BL/6 mice approxi-
mately 6 weeks old (Charles River Laboratories, Inc.) were accli-
matized for 1 week. C57BL/6 mice were used for the orthotopic
model as the AKPT and KPN organoids were derived from mice on
a pure C57BL/6 background. Mice were anesthetized with isoflur-
ane and tumor orthografts induced by intracolonic injection of
colon tumor organoids, KPN (n ¼ 4) and AKPT (n ¼ 4) in 70-mL
volume using a Hamilton syringe (Hamilton Inc.). The injection
needle was positioned on the colon mucosa, with the bevel facing
the mucosa. The organoids were injected into the mucosa to form a
bubble. Tumor growth was monitored by colonoscopy every 2 weeks
posttransplantation. Colonoscopy was performed using a Karl Storz
Tele Pack Vet X LED endoscopic video unit (Karl Storz SE & Co.
KG) to monitor tumor growth in the colon. Tumor orthografts grew
for about 3 to 4 weeks before PET/MR imaging. Mice were not
randomized for tumor implantations, nor were the researchers
blinded to the models. Details of all mice used in these studies are
presented in Supplementary Table S1.

Transcriptional profiling and analysis
Primary colon tumors were sampled from the intestines of genet-

ically engineered mice: A (n ¼ 5), AK (n ¼ 1), AKPN (n ¼ 3), BMT
(n ¼ 5), AKPT (n ¼ 4), and KPN (n ¼ 18). Total RNA was extracted
using the Qiagen RNeasy Kit (74104), according to the manufacturer’s
instructions. Libraries for cluster generation and DNA sequencing
were prepared following an adaptedmethod from the Illumina TruSeq
RNA LTKit. The libraries were run on the IlluminaNextSeq 500 using
theHighOutput (75 cycles) Kit (2� 36 cycles, paired-end reads, single
index) with normalization and quality control checks, as described
previously (26, 31, 32). CMS calls were performed using the CMScaller
package in R (version 2.0.1) using the Nearest Template Prediction
algorithm (33). Gene set enrichment scores were generated using
the GSVA package in R (version 1.44.3) with the HALLMARK gene
list (34).

PET radiotracer synthesis
All reagents and materials were purchased from Merck Life

Science UK Ltd., unless stated otherwise. All radionuclides for
radiotracer synthesis were produced with a 16.4-MeV proton beam
on the GE Healthcare PETtrace cyclotron at the Radiopharmaceu-
tical Unit (RPU) of the West of Scotland PET Centre, Gartnavel
Hospital, Glasgow. [18F]FDG was supplied directly by the RPU and
had an average volumic activity (Av) of 0.897 � 0.014 GBq/mL at
the reference time.

Fully automated syntheses of fluorine-18 labeled tracers were
carried out on a TRACERLAB FXFN (GE Healthcare) according
to previously published procedures. To synthesize O-(2-
[18F]fluoroethyl)-L-tyrosine ([18F]FET) and [18F]FLT, no carrier-
added [18F]fluoride was obtained through the 18O(p, n)18F nuclear
reaction by irradiation of 95–97 atom % 18O enriched water (pur-
chased from Sercon UK Ltd.) in a niobium target chamber (2.7 mL
target volume). Typically, 80 mA, 15 minutes of target irradiation
gave 50 GBq of [18F]fluoride at the end of bombardment (EOB)
for use at the start of synthesis (SOS). [18F]FET was obtained

from the O-(2-tosyloxyethyl)-N-trityl-L-tyrosine precursor (ABX
GmbH), as described by Hamacher and colleagues (35) with some
modifications, namely 1 mL of Kryptofix solution [K2.2.2 (120 mg,
0.319 mmol)/K2CO3 (22 mg, 0.159 mmol)/CH3CN (1 mL)/H2O
(14 mL)] as the phase transfer catalyst was used instead of tetrabu-
tylammonium hydrogencarbonate, deprotection was carried out
with 1 mL of 1 M HCl mixed with 0.5-mL ethanol at 130�C,
followed by neutralization with 1-M sodium hydroxide and filtra-
tion on an alumina N cartridge (Waters) prior to HPLC purifica-
tion. Average radiochemical yield (RCY) was 53� 24%, Av 2.2� 1.2
GBq/mL at reference time, radiochemical purity (RCP) >98%.
[18F]FLT was synthesized from 10 mg of 3-N-Boc-1-[5-O-(4,40-
dimethoxytrityl)-3-O-nosyl-2-deoxy-b-D-lyxofuranosyl]thymine
precursor (ABX GmbH) in 1-mL acetonitrile, as described by
Suehiro and colleagues (36). RCY 10 � 7%, Av 0.77 � 0.3 GBq/mL
at reference time, RCP >99%.

No-carrier-added [11C]carbon dioxide was produced via the
14N(p,a)11C nuclear reaction by irradiation of an aluminum target
filled with 99.9% nitrogen/0.1% oxygen gas mixture purchased
from BOC. Typically, at 44 mA, a 50-minute target irradiation of
105 GBq of [11C]CO2 was obtained at the EOB. [

11C]Acetate was pro-
duced according to Soloviev and Tamburella (37) on a customized
SYN THRA module (Synthra GmbH) RCY 55 � 25%, Av 4.02 �
1.6 GBq/mL at reference time, RCP >95%.

PET/MRI imaging
PET and MRI scans were performed sequentially with different

radiotracers in colon tumor-bearing mice using a nanoScan PET/MRI
scanner (Mediso Medical Imaging Systems). Mice were maintained
under inhaled isoflurane anesthesia (induction 5% v/v; maintenance
1.5% to 2.0% v/v) in medical air during injection and PET/MRI
imaging procedure periods, as described previously [52]. Each sub-
cutaneous allograft-bearing mouse: AK (n ¼ 5), BMT (n ¼ 6), AKPT
(n¼ 5), AKPN (n¼ 5), KPN (n¼ 5), and KPN liver metastasis (n¼ 5)
underwent four PET/MR imaging sessions using different PET imag-
ing biomarkers [i.e., [18F]FDG, [18F]FET, [18F]FLT and [11C]ACE].
Ten scans were unavailable due to mouse death or tumor ulceration
at an earlier time point. Each orthograft tumor-bearing mouse, KPN
(n¼ 4) and AKPT (n¼ 4), underwent two PET/MR imaging sessions
using different PET imaging biomarkers [i.e., [18F]FDG, [18F]FET].
The KPN autochthonous model (n ¼ 4) underwent a single FDG
[18F]PET/MR. Details of all mice used in these studies are presented in
Supplementary Table S1. A minimum recovery period of at least
24 hours was provided between two consecutive imaging sessions.
On average, there was a 3-day gap between the scans. To obtain a
uniform injection volume of 200 mL for each radiotracer in each
mouse, PET tracers were diluted with 0.9% isotonic saline solution
according to the volumic activity of every radiotracer at the end
of each radiosynthesis. Each mouse received 15.95 � 2.1 MBq of
[18F]FDG, 15.97 � 1.4 MBq of [18F]FET, 13.8 � 3.59 MBq of
[18F]FLT, or 252.94 � 69.2 MBq of [11C]ACE, via an intravenous
bolus injection in the tail vein. A 20-minute static PET acquisition
was performed from 80 to 100 minutes for [18F]FDG, [18F]FLT, and
[11C]ACE, and from 50 to 70 minutes for [18F]FET. Whole-body
T1-weighted Gradient Echo 3D Axial MRI Sequences (slice thick-
ness, 0.6 mm; repetition time, 17.2 milliseconds; echo time, 3.8 milli-
seconds; flip angle, 30�) were used to acquire MRI scans.

PET scans were reconstructed with Tera-Tomo 3D software
(Mediso Medical Imaging Systems) using static, whole-body mode
with four iterations, six subsets, body-air-threshold (BAT) 25%,
coincidence mode 1 to 3, and an energy window 400 to 600 keV,
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producing a 0.4-mm isotropic matrix. PET data were corrected for
random coincidences, attenuation, scatter, radioactivity decay, and
dead time. Scatter and attenuation correction used the whole-body
T1-weighted Gradient Echo 3D images. The reconstructed PET
scans were co-registered with MRI scans for anatomical reference.

For quantitative assessment of scans, the volume-of-interest (VOI)
was manually drawn around the tumors on MRI scans by visual
inspection using PMOD software version 3.504 (PMOD Technologies
Ltd.), and the same VOI was copied onto the respective PET scans.
Separate areas of interest were drawn for each scan to adjust for the
position of the mice on the scanner and the tumor size. Standardized
uptake values (SUV) were determined by dividing the radiotracer
concentration in the VOI by the injected dose divided by the animal
weight. SUVmean was calculated using the average of all voxels within
the tumor VOI, whereas SUVpeak values were calculated using the
mean of the five hottest VOI pixel values.

IHC and ISH
IHC and ISH staining were performed on 4-mm formalin-fixed

paraffin-embedded sections (FFPE) that had previously been heated at
60�C for 2 hours. IHC staining for aGlut-1 (GT12-A, Alpha Diag-
nostics) was performed using a Leica Bond Rx autostainer. The FFPE
sections underwent on-board dewaxing (AR9222, Leica) and antigen
retrieval using ER2 solution (AR9640, Leica) for 30 minutes at 100�C.
The sectionswere rinsedwith Leicawash buffer (AR9590, Leica) before
peroxidase blocking was performed using an Intense R Kit (DS9263,
Leica) for 5 minutes. The sections were rinsed with wash buffer before
application of the primary antibody at a 1/250 dilution (aGlut-1,
1/250) for 30 minutes. The sections were rinsed with wash buffer, and
rabbit EnVision secondary antibody was applied for 30 minutes. The
sections were rinsed with wash buffer, visualized using DAB, and
counterstained with hematoxylin using the Intense R Kit. ISH
detection of Slc7a5 (472578), Mm-Ppib (313918), and dapb
(312038; Bio-Techne) mRNA was performed using the RNAScope
2.5 LSx (Brown) Detection Kit (322700; Bio-Techne) on a Leica
Bond Rx autostainer, according to the manufacturer’s instructions.
To complete ISH staining, the sections were rinsed in tap water,
dehydrated through graded ethanol, and placed in xylene. The
stained sections were coverslipped in xylene using DPX mountant
(SEA-1300–00A; CellPath). IHC and ISH expression was quantified
using HALO software (Indica Labs). For IHC, theH-score [H-score¼
SPi (i þ 1), where Pi represents the percentage of stained cells for
each intensity i, ranging from 0 to 3þ] was calculated, and the RNA
copies per mm2 are presented for ISH.

Statistical analyses
Heatmaps were plotted using Morpheus (Broad Institute) and

grouped using hierarchical clustering, one-minus Pearson correlation,
and average linkage on rows and columns. PET imaging matrix was
analyzed using the factoextra package in R to create PCA biplots with
confidence thresholds. Statistical analysis was performed usingGraph-
Pad Prism version 9.5.0 (GraphPad Software). Student t tests, two-way
ANOVA, and receptor operator characteristic curve tests were used to
compare the means of different groups. A significance threshold of
P < 0.05 was utilized for hypothesis testing.

Data availability
PET/MR imaging data, histology data, and other data generated in

this study are available upon request to the corresponding author.
RNA-sequencing data are available using accession numbers
GSE245277, GSE167008, and GSE218776.

Results
A spectrum of mouse models of colon cancer covers the
genotypic and phenotypic diversity of the human disease

Colon cancer is a molecularly diverse disease with different genetic
and phenotypic features that contribute to inter- and intratumor
heterogeneity (3, 4, 38). To model the breadth of human colon cancer,
we used eight conditionally induced tumor suppressors or oncogenic
alleles activated in the intestinal epithelia by Villin-CreER (Fig. 1A).
Ninety-nine percent (521 of 524) of patients with colon cancer had
genetic alterations or transcriptional reprogramming in at least one of
these eight alleles, showing that these are highly conserved changes
in human disease (Fig. 1B). By crossing these eight alleles, six
genetically engineered colon models in three broad categories were
generated, as described previously (26, 31, 32): tumors driven by APC
loss, oncogenic KRAS activation, or oncogenic BRAF activation
(Fig. 1C). We compared each of these six mouse models to the clinical
classification system, CMS of colon cancer (4) by gene expression
profiling of the primary tumors of each mouse genotype and used the
CMScaller package (33) to correlate gene expression signatures with
clinical subtypes. Each model had a unique CMS profile (Fig. 1D).
KrasG12D/þ Trp53fl/fl Rosa26N1icd/þ (KPN) and Apcfl/þ KrasG12D/þ

Trp53fl/fl Tgfbr1fl/fl (AKPT) mice were closely related to the human
CMS4 subtype, and the other models were more closely correlated
with CMS2 and CM3 subtypes (Fig. 1D). Apcfl/þ KrasG12D/þ

Trp53fl/flRosa26N1icd/þ (AKPN) had aCMS1, CMS2, andCMS3profile,
whereas APC loss alone (Apcfl/þ) was the least CMS1-like (Fig. 1D).
These data show at least some subtype diversity between the colon
cancer models, particularly between CMS2/3 and CMS4. To identify
different phenotypic features, we also correlated gene set enrichment
scores to the cancer hallmark gene sets using gene set variation analysis
(GSVA; ref. 34). Each colon cancer model showed diverse hallmarks
(Fig. 1E; Supplementary Fig. S1). There were similarities between
AKPT and KPN, which had high scores for IL6/JAK/STAT signaling
and IFN response. Apcfl/þ KrasG12D/þ (AK) was high for mTORC1
signaling, E2F, G2M checkpoint, Myc, and glycolysis, suggesting high
proliferation. BrafV600E/þ Mlh1fl/fl Tgfbr2fl/fl (BMT), AKPN, AK, and
Apcfl/þ (A) had high fatty acid metabolism and oxidative phosphor-
ylation profiles (Fig. 1E; Supplementary Fig. S1). Together, these data
demonstrate the molecular and genetic diversity of these colon cancer
models. This diversity suggests that these model systems would be
useful for the systematic investigation of the genetic and transcrip-
tional determinants of multitracer PET phenotypes across the breadth
of colon cancer.

Distinct intermodel heterogeneity in PET imaging signatures
We aimed to establish whether PET imaging phenotypes varied

among different colon cancer models with distinct tumor genetics and
molecular subtypes. We investigated the intermodal heterogeneity in
PET imaging phenotypes. To facilitate high-throughput imaging, we
utilized organoids from five GEMM (AK, BMT, AKPT, AKPN, KPN),
and subcutaneously implanted them into recipient mice (Supplemen-
tary Fig. S2; refs. 26, 31, 32). After 2 weeks of tumor growth, each
mouse underwent four scans with different PET radiotracers, namely
glucose uptake ([18F]FDG), amino acid uptake ([18F]FET), prolifer-
ation ([18F]FLT), and fatty acid synthesis ([11C]acetate; ACE;
refs. 12, 39, 40; Fig. 2A). Notably, we observed significant intermodel
heterogeneity in imaging signatures [F(4, 76)¼ 7.297;P< 0.0001], with
distinct variations in the uptake of each tracer [F(3, 76) ¼ 92.31;
P < 0.0001] and differing uptake patterns depending on the model
and tracer [F(12, 76) ¼ 2.795; P ¼ 0.003], thus indicating a unique
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tracer uptake profile in each model (Fig. 2B and C). Principal com-
ponent analysis (PCA) revealed distinct and overlapping clusters
corresponding to the different subcutaneous models (Supplementary
Fig. S3). The AK organoid subcutaneous model exhibited the highest
uptake of [18F]FDG and [18F]FET, whereas the AKPN subcutaneous
model demonstrated the highest uptake of [18F]FLT and [11C]ACE
(Fig. 2B and C). Notably, the KPN subcutaneous model exhibited low
uptake of [18F]FET, whereas the AKPT subcutaneous model showed
low uptake of [18F]FDG, and the BMT subcutaneous model consis-
tently displayed the lowest uptake among all tracers. To determine if
different PET radiotracers provided unique information, we correlated
tracer uptake in each mouse and model and found only a limited
correlation (R2 range ¼ 0.30–0.47; Fig. 2D). In the PCA biplot, the
radiotracer loadings were orthogonal, particularly for [18F]FET and
[18F]FLT (Supplementary Fig. S3), suggesting that the variation in
uptake of one tracer could not be fully explained by the uptake of
another. Finally, to establish a link between PET imaging and molec-
ular data, we correlated the uptake of each tracer in each subcutaneous
model with the hallmarks of cancer pathways derived from transcrip-

tional profiling performed in the GEMM of the same genotype
(Fig. 2E). As anticipated, glycolysis was most strongly correlated
with [18F]FDG uptake (R ¼ 0.66), but overall [18F]FDG was highly
associated with DNA repair (R ¼ 0.81), [18F]FET with the ROS
pathway (R ¼ 0.97), [18F]FLT with PI3k Akt mTOR signaling
(R ¼ 0.95). Surprisingly, [11C]ACE uptake was linked to mitotic
spindle (R ¼ 0.89) and Wnt/bcatenin signaling (R ¼ 0.77) but not
fatty acid metabolism (R¼�0.21). The high content of short-chain
fatty acids in the colonic environment, produced by the micro-
biome, might be reducing de novo fatty acid synthesis (41). Taken
together, these findings indicate that this panel of PET tracers is
complementary and is associated with distinct molecular and
genetic features in these colon cancer models.

PET imaging can distinguish different colon cancer models and
individual driver genes

To investigate the capacity of each PET tracer ([18F]FDG, [18F]FET,
[18F]FLT, and [11C]ACE) to distinguish each colon organoid subcu-
taneousmodel (BMT, AKPN,AK, AKPT, KPN), we analyzed the areas

Figure 1.

Coloncancermodels havegenotypic andphenotypic diversity.A,Thealleles in theGEMMused in this study. Cre, Cre recombinase; ER, estrogen receptor; loxP,Cre-loxP
recombination site. B,Oncoprint showing the prevalence of genetic alterations of the alleles inA, determined using cBioportal from the Colorectal Adenocarcinoma,
TCGA, PanCancer Atlas (n¼ 524). C, Venn diagrams of the genetic crossing strategies for the GEMM. D, Heatmap illustrating correlation of intestinal cancer GEMM
gene expression with patient-derived CMS profiles. E, Gene set enrichment analysis for the GEMM with the Molecular Signatures Database (MSigDB) hallmark gene
set. Data were ordered using hierarchal clustering. Extended heatmap is shown in Supplementary Fig. S1. (A, Created with BioRender.com.)
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under the receiver-operating characteristic (ROC) curve for each
radiotracer and model. The area under the curve (AUC) provides
the overall performance of each PET tracer as a binary classifier across
all thresholds (Fig. 3A). To visualize the results, we generated a
separation matrix for each PET radiotracer and colon model,
ranking the mean AUC values from highest to lowest to assess the
overall PET uniqueness of each model. On the basis of the uptake
of the four PET radiotracers tested, the BMT subcutaneous model
was the most distinct (ROCmean ¼ 0.80), followed by the AKPN
(ROCmean¼ 0.77), AK (ROCmean ¼ 0.68), AKPT (ROCmean¼ 0.64),

and KPN subcutaneous models (ROCmean ¼ 0.64; Fig. 3B). We
also assessed the discriminatory power of each PET radiotracer
by comparing the mean AUC for each ROC curve: [18F]FDG
(ROCmean ¼ 0.73) > [18F]FET (ROCmean ¼ 0.73) > [18F]FLT
(ROCmean ¼ 0.72) > [11C]ACE (ROCmean ¼ 0.64). This indicated
that [18F]FDG and [18F]FET performed the best overall when
separating models, closely followed by [18F]FLT (Fig. 3B). Inter-
estingly, different PET tracers were more effective in discriminat-
ing different models. The most effective separators for each tracer
and model were [18F]FDG/BMT, [18F]FET/KPN, [18F]FLT/BMT,

Figure 2.

Distinct intermodel heterogeneity in PET imaging signatures. A, In the experimental imaging protocol, five colon cancer organoid models and four PET tracers were
used to determine imaging signatures. Details of all mice used in these studies are presented in Supplementary Table S1. B, Representative transverse PET images
from each model and tracer. The [18F]FDG PET/MR images of the KPN subcutaneous model are reproduced again in Figs. 4B and D and 5B for comparison against
other tumors at different sites and stages. C, Imaging signature heatmap showing mean tracer uptake, models with highest tracer update highlighted with black
outline (representation of the data matrix analyzed with two-way ANOVA). D, Correlation matrix of each tracer uptake based on Pearson correlation
coefficient. E, Heatmap illustrating correlation of PET tracer uptake with gene expression in the Molecular Signatures Database (MSigDB) hallmark dataset,
sorted by hierarchal clustering. (A, Created with BioRender.com.)
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and [11C]ACE/AKPN with AUC values of 0.82 � 0.09 (P ¼ 0.02),
0.79 � 0.09 (P ¼ 0.05), 0.98 � 0.02 (P < 0.001), and 0.88 � 0.08
(P ¼ 0.02), respectively (Fig. 3B and C; Supplementary Figs. S4A
and S4B).

Previous studies suggest that specific oncogenes have distinct
phenotypic features, such as KRAS driving a glycolytic phenotype
(12, 42, 43). However the extent to which other tumor drivers contri-
bute to PET imaging phenotypes remains unclear. To determine
whether a particular oncogene or tumor suppressor produces an
imaging phenotype independently of other alterations, we grouped
and compared models based on their genetics (Fig. 3D and E; Sup-
plementary Figs. S4 and S5). The separation matrix revealed that
overall, the Krasmutation (ROCmean ¼ 0.80) had the most distinctive

driver phenotype, followed by Apc (ROCmean ¼ 0.78), Tgfbr1
(ROCmean ¼ 0.72), and Notch (ROCmean ¼ 0.67). The least distin-
guishable genetic alteration was the loss of the tumor suppressor p53.
When separating the driver genes, [18F]FLT exhibited the best per-
formance, followed by [18F]FDG, [18F]FET, and [11C]ACE. ROC
curves were used to determine the optimal cut-off values for maxi-
mizing separation. The optimal separator overall was [18F]FLT
SUVmean 0.68, which had 88.9% sensitivity and 100% specificity for
distinguishing Kras mutated tumors from other genetic alterations.
These data demonstrate that a collection of colon cancer models with
different genetic and phenotypic characteristics can be noninvasively
distinguished using PET imaging. Somemodels and genes, particularly
Kras and Apc, were more distinctive than others and tracers beyond

Figure 3.

PET imaging can distinguish different colon subcutaneous organoid cancer models and individual driver genes.A, The data processing workflow for comparing PET
radiotracer discriminatory power and the model/gene uniqueness. B, Separation matrix and statistics of the area under the ROC curves for each tracer and model.
C,Redhighlighted box showing boxplot andROCcurves for [18F]FDG in theBMT (n¼6 subcutaneous organoid allografts) comparedwith othermodels (n¼ 19), each
point represents a mouse. Numbers inside bars show sample size, n. Data compared using unpaired t test. D, Separation matrix and statistics of the area under the
ROC curves for each tracer and gene. Tgfbr1/Alk5 fl/fl and Tgfbr2 fl/fl are combined as TGFb for this analysis. E, Red highlighted box showing boxplot and ROC curves
for [18F]FLT in the Kras (n¼ 18) compared to other subcutaneousmodels (n¼ 6), each point represents amouse. Numbers inside bars show n. Data compared using
unpaired t test. Error bars inC andD represent SD. � , P <0.05; ��, P <0.01; ��� , P <0.001 for unpaired t tests andAUCROC. Each analysis stands on its own; nomultiple
comparison testing was used. See extended datasets in Supplementary Fig. S4. (A, Created with BioRender.com.)
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[18F]FDG, such as [18F]FET and [18F]FLT proved valuable in distin-
guishing between models and genetics. Finally, to explore if imaging
differences based on transcriptional profiles were driven by CMS,
we divided the models into two classes, CM4 and CMS2/3, and
performed ROC analysis. However, none of the tested radiotracers
were able to differentiate based on the CMS classifiers (Supplementary
Figs. S5 and S6).

Imaging signatures depend on tumor context as well as tumor
genetics

In addition to tumor genotype, the tumor environment is an
important driver of tumor phenotype and, consequently, the imaging
phenotype (44, 45). Therefore, we sought to determine the relative

contributions of genes and the environment to imaging signatures. To
investigate the influence of the tissue environment, we utilized the
same genetic model (KPN) in different contexts: subcutaneous
implantation, orthotopic (intracolonic implantation), or autochtho-
nously driven directly from conditionally expressed alleles (i.e.,
GEMM; Fig. 4A). The subcutaneously implanted mice are the same
mice as used for analysis in Figs. 2 and 3. We monitored orthotopic
tumor growth by colonoscopy (Supplementary Fig. S7). We observed
that higher-fidelity models had greater [18F]FDG uptake, GEMM
> orthotopic > subcutaneous (F ¼ 8.2; P ¼ 0.009), suggesting
an environmental effect due to tumor location on the PET
imaging phenotype (Fig. 4B and C). To determine the relative effect
of genes and environment, we compared KPN and AKPT

Figure 4.

Imaging signatures depend on tumor context. A, The generation of mouse models. B, Transverse and coronal PET/MRI slices images showing [18F]FDG uptake in
subcutaneous and orthotopic organoid models and GEMM of KrasG12D/þ Trp53fl/fl Rosa26N1icd/þ (KPN) colon cancer. KPN subcutaneous images reproduced here
from Fig. 2B for comparison with KPN orthograft and GEMM. Tumors are outlined with a white dotted line. C, Standard uptake peak values (SUVpeak) PET
quantification from images in B (n ¼ 4 mice/model). Data compared using ANOVA followed by Fisher least significant difference test. D, Transverse and coronal
PET/MRI slices images showing [18F]FDG uptake in subcutaneous and orthotopic KPN and Apcfl/þ KrasG12D/þ Trp53fl/fl Tgfbr1 fl/fl (AKPT) organoid models of colon
cancer. Tumors are outlined with a white dotted line. KPN images reproduced here from Figs. 2B and 4B and for comparison to AKPT. E, SUVpeak quantification
from images in panel D (Numbers inside bars show sample size, n). Data compared using two-way ANOVA, with the results of injection site shown. Details
of all mice used in these studies are presented in Supplementary Table S1. F, Representative GLUT-1 immunohistochemistry of tumors from mice shown in
panel E. Black scale bars represents 100 mm. G, H-score of GLUT-1 immunohistochemistry from mice shown in panel E. Box and whisker plots show range,
median and interquartile range. Error bars in panel C and E represent standard deviation. Data compared using two-way ANOVA, with the results of injection
site shown, � P < 0.05, �� P < 0.01, ��� P < 0.001. (A, Created with BioRender.com.)
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Figure 5.

PET imaging phenotypic difference between primary and metastatic tumors. A, The generation of the KrasG12D/þ Trp53fl/fl Rosa26N1icd/þ (KPN) and KPN liver
metastasis organoid lines and subsequent implantation. One pair of lines, generated from a matched mouse primary tumor and liver metastasis, which were then
propagated and injected subcutaneously into recipient mice (n¼ 5). B, Transverse and coronal PET/MRI slice images showing uptake of four PET tracers ([18F]FDG,
[18F]FET, [18F]FLT, [18F]ACE) in subcutaneously implanted KPN primary and KPN livermetastasis organoids. KPN primary tumor-bearingmice are the same four PET
([18F]FDG, [18F]FET, [18F]FLT, [18F]ACE) images (primary) as displayed in Figs. 2B and 4B and D. C, Standard uptake peak values (SUVpeak) PET quantification from
images in B. Sample size (n) is displayed on the bars. Error bars represent SD. Data compared using unpaired t test. Details of all mice used in these studies are
presented in Supplementary Table S1. D, Representative GLUT-1 IHC and Lat-1/Slc7a5 ISH. Black scale bars represent 50 mm (� , P < 0.05; ��� , P < 0.001; see also
Supplementary Fig. S8). (A, Created with BioRender.com.)
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subcutaneously and orthotopically, and performed PET imaging using
[18F]FDG. Although [18F]FDG uptake in orthografts was higher than
in subcutaneous tumors (74.2% variation; P < 0.0001), the extent
of this increase varied by genotype (KPN vs. AKPT; 9.8% variation;
P ¼ 0.0067; Fig. 4D and E). To validate these findings, we stained
subcutaneous and orthotopic tissues for GLUT-1 (SLC2A1) and
showed higher (P < 0.001) GLUT-1 transporter expression in
orthografts (Fig. 4F and G), implying higher glucose uptake. These
data suggest that the tumor environment is a major determinant
of imaging phenotype. Moreover, the relative contribution of
genes and the environment to imaging signatures was partially
dependent on tumor genetics, revealing a previously unreported
interaction between genes and environment in shaping the PET
imaging phenotype.

PET imaging phenotypes change with cancer progression
Cancer cells can undergo evolutionary changes over time, acquir-

ing aggressive features that enable extravasation, circulation, hom-
ing, and colonization of distant sites. PET staging is a crucial
application of this technology, facilitating the identification of
locally advanced and metastatic disease. Although [18F]FDG has
been extensively used for this purpose, the potential of other tracers
to identify metabolic progression remains largely unexplored. Given
the significant influence of genes and the environment on PET
signatures, our final objective was to assess the relative impact of the
tumor metastatic process on imaging signatures using a range of
PET tracers.

We isolated tumors and cultured organoids from a matched pri-
mary and liver metastasis obtained from a KPN mouse, designated
KPN (primary) and KPN (metastatic), respectively (Fig. 5A).
As tumor environment had an influence, we implanted both
primary and metastatic cells in the subcutaneous site to isolate
the specific changes in PET signatures associated with metastatic
progression. Following tumor growth, we performed multitracer
PET imaging (Fig. 5B). The KPN primary imaging data are the
same as presented in Fig. 2. The levels of [18F]FDG (P ¼ 0.028)
and [18F]FET (P ¼ 0.008) were found to be higher in the metastatic
model, whereas [11C]ACE and [18F]FLT did not show significant
differences (Fig. 5C). These data were further supported by
increased staining of GLUT-1 (P < 0.0001) and Lat-1/Slc7a5
expression (P ¼ 0.037) in the metastatic model compared with
the primary tumor model (Fig. 5D; Supplementary Fig. S8),
indicating higher glucose and amino acid uptake detectable by
PET imaging during cancer progression in this primary and met-
astatic pair.

Discussion
The primary objective of our study was to investigate the contrib-

uting factors, including genotype, tumor environment, and stage, that
influence the imaging phenotypes observed in multitracer PET imag-
ing of colon cancer. To accomplish this, we utilized a diverse panel of
colon cancer GEMM to discern the genotypes in primary mouse
organoid models. Our results suggest distinct imaging phenotypes in
models with a gain of oncogenic Kras and loss of Apc, TGFb, or p53.
Specifically, we observed that high uptake of [18F]FLT and [18F]FDG
was associated with Kras mutation, whereas low uptake was linked to
TGFb loss. Moreover, loss of Apc was associated with elevated uptake
of [18F]FET or [18F]FLT. Notably, the separation between Kras and
Braf genotypes was the most pronounced, confirming the dominant
role of Kras in determining metabolic phenotype. These findings

support previous studies that have associated higher [18F]FDG
uptake with Kras-mutated colorectal tumors (17, 22, 43), but the
association of high [18F]FLT with Kras-mutated tumors has not
been reported previously (16). Furthermore, our study demonstrat-
ed higher uptake of [18F]FET (P ¼ 0.004) and [18F]FLT (P < 0.001)
in models with Apc loss, which aligns with our recent data indi-
cating that intestinal Apc and Kras mutations enhance [18F]FET
uptake through SLC7A5/LAT-1, resulting in increased protein
synthesis (32). These findings suggest that [18F]FET may have a
role in distinguishing tumors with Apc loss. Overall, our results
indicate that the PET tracers utilized in this study may hold clinical
utility for noninvasive genetic profiling and subsequent patient
selection. Although FDG has struggled to accurately differentiate
Kras due to poor specificity (22), the potential of [18F]FLT and
[18F]FET in distinguishing Kras and Apc loss respectively warrants
further investigation, as their ROC AUC values exceeded those
of [18F]FDG ([18F]FLT/Kras 0.98 and [18F]FET/Apc 0.89 vs.
[18F]FDG/Kras 0.82). Although these findings hold promise for
clinical applications, further validation is necessary to establish
their clinical significance.

Our study also uncovered that the tissue environment exerts a
greater influence on PET imaging signatures than cancer genetics
alone. To explore this, we implanted the same genetic organoid lines
in different tissue environments, either subcutaneously or in the
colon submucosa. Remarkably, we found that changing the implan-
tation site had a substantially larger impact (74.2%) on the
[18F]FDG phenotype compared with alterations in genes such as
Apc and TGFb loss or Notch gain (2.2%). It is widely known that
the tumor environment via altered perfusion, hypoxia, and altera-
tions in metabolic pathways and transporters, plays a crucial role in
determining the metabolic phenotype and may be a key driver of
the observed PET differences in our study (44–46). The colon
possesses a unique nutritional environment with varying levels of
amino acids, sugars, and acetate, which could be relevant to the
metabolic phenotypes observed in colon cancer (47). Although we
were unable to measure all models intracolonically due to resource
constraints, our findings indicate that cell extrinsic mechanisms
play a significant role in imaging phenotypes. Moreover, our study
suggests that PET imaging can identify adaptive changes in cancer
cells resulting from exposure to new nutritional environments. It is
important to consider these environmental differences when using
PET for stratification based on tumor genetics, as posttreatment
modification of the tumor microenvironment through immuno-
therapy, radiotherapy, or surgery could complicate PET-based
stratification.

In the metastatic setting, our findings demonstrated that even after
accounting for the impact of the tumor environment, a metastatic
tumor exhibited elevated glucose uptake, consistent with previous
reports of increased glycolysis in liver metastases (48). This elevated
glycolysis may play a crucial role in metabolic plasticity, supporting
invasion, migration, and potentially epithelial-to-mesenchymal tran-
sition (EMT) during cancer progression (42). In addition, we observed
increased uptake of amino acids with [18F]FET, which targets
SLC7a5/LAT-1, a critical transporter for maintaining intracellular
amino acid pools necessary for cancer cell dissemination. Notably,
deletion of SLC7a5/LAT-1 has been shown to reduce metastasis and
prolong survival in the KPN model (32). These findings suggest that
PET imaging with [18F]FET and [18F]FDG can identify aggressive
features acquired during cancer progression and the metastatic cas-
cade, however heterogeneity in KPN tumors means that the imaging
changes observed here are unlikely to be universal features of
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metastasis (32, 49). [18F]FET or other amino acid radiotracers such
as [11C]glutamine may serve as valuable additions for tumor
staging (50).

Our study had several limitations. Although we employed a
diverse panel of tracers and models, they were not exhaustive.
Clinical subgroups, such as CMS1, were underrepresented, and the
separation between the CMS2 and CMS3 subtypes was limited.
Addressing these limitations would require further expansion of the
models and incorporation of datasets from both mice and humans
to improve stratification methods (51). We did not observe distinct
PET imaging phenotypes between CMS2/3 and CMS4 subtypes.
The ability to discriminate among these subtypes was dependent on
the panel of PET radiotracers, which were not exhaustive, partic-
ularly focusing on metabolism. Including PET tracers targeting
stromal components, such as fibroblasts (68Ga-FAPI; ref. 52) or
immune cells (89ZED88082A; ref. 11), may enhance discriminatory
power and enable the distinction of tumor populations, particularly
CMS1 and CMS4 subtypes (11). In addition, we observed pheno-
typic heterogeneity within CMS classes, as evidenced by variations
in cancer hallmarks even within seemingly similar CMS groups,
such as AK and AKPN, both of which are classified as CMS2/3 but
exhibit different cancer hallmarks. Future imaging-based classifi-
cation approaches may need to adopt alternative strategies, such as
addressing phenotypic variations rather than relying solely on
translational classifiers. Furthermore, extending the experiments
to clinical material, including the addition of patient-derived xeno-
grafts, would help validate whether similar effects are observed in
more complex genetic scenarios. It is important to acknowledge that
determining the sensitivity and specificity of these tracers in a
clinical context would require prospective studies, and certain
tracers, such as [18F]FLT, exhibit high background uptake in areas
of frequent colorectal metastasis, such as the liver.

Although our findings hold promise for altering therapeutic
pathways, further validation is necessary before implementing them
in clinical practice. However we can speculate that patients that
have high [18F]FET and [18F]FLT are more likely to have Apc loss
and could be susceptible to drug targeting of the Wnt signaling
pathway. Similarly, patients with high [18F]FDG and [18F]FLT are
more likely to have Kras mutations and therefore poor response to
EGFR inhibition (22). Conversely, low [18F]FDG and [18F]FLT
suggests alterations in TGFb signaling, and these patients may
have improved response to MEK or EGFR inhibitors (53). Ulti-
mately, to establish the clinical significance of our findings, it is
crucial to conduct further studies in patient cohorts, incorporating
prospective multitracer biomarker validation.

In summary, our study demonstrated that the imaging pheno-
types of colon cancer are influenced by factors such as genotype,
model, site, and stage, indicating that they arise from a combination

of intrinsic and extrinsic tumor mechanisms. These findings
support the use of PET as a valuable biological imaging modality
that provides unique molecular diagnostic information. We
achieved high accuracy in distinguishing models and noninvasively
differentiating cancer genetics, even in the presence of complex
driver genes. The tumor environment emerged as a key driver of
imaging phenotypes, surpassing genetic differences in certain sce-
narios. Radiotracers like [18F]FLT and [18F]FET warrant further
investigation in the assessment of Kras mutation, Apc loss, and
tumor staging. PET-based noninvasive phenotyping offers a com-
plementary approach to current biopsy-based molecular diagnosis
and provides the opportunity to assess the entire body, identify
intrapatient heterogeneity, and monitor dynamic changes. This
study represents a step toward noninvasive, multitracer profiling
of cancer subtypes, with the potential to inform precision medicine
approaches in the field of colon cancer.
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