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Colorectal cancer (CRC) is the second leading cause of
cancer-related deaths worldwide!. Surgical radical resection
with adjuvant chemotherapy remains the primary treatment
choice for CRC, but the 5-year postoperative survival rate is
only approximately 60%, and approximately one-third of
patients with CRC experience recurrence within 2 years of
surgery?. Fortunately, the transformation of high-throughput
sequencing has accelerated the development of precision
medicine. For example, KRAS mutations indicate resistance to
anti-epidermal growth factor receptor (EGFR)-targeted ther-
apies in CRC?. Furthermore, molecular-guided individualized
therapy has brought new promise in major clinical areas and
challenges, such as novel biomarkers predicting sensitivity and
resistance to immunotherapy for microsatellite stable (MSS)
CRC. Consequently, identifying more potential targets is
imperative to improve the stratification of patients with CRC
through molecular testing and to achieve precision treatment
of CRC.

In this perspective, on the basis of our previous research
and experience, we discuss the current status and future direc-
tions of molecular testing-guided targeted and immunolog-
ical therapies for CRC. We also briefly outline the essential
aspects of conducting molecular testing in large cancer centers

(Figure 1).
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Gene-targeted precision medicine for
CRC

Single-gene variation-guided clinical
management of CRC

In recent years, with the refinement of precise therapeutic
targets, targeted drugs for specific gene variations have sub-
stantially advanced from preclinical research to clinical trials.
Beyond approved targeted drugs, such as cetuximab and bev-
acizumab, some emerging targeted drugs have shown prom-
ising outcomes in CRC populations with targeted single-gene
variations, including RAS, BRAF mutations, HER2 amplifica-
tion, and RET and NTRK fusion. Molecular testing of these
variations has been recommended as standard testing for met-
astatic CRC (mCRC) in prominent guidelines such as those
from the National Comprehensive Cancer Network (NCCN),
the European Society for Medical Oncology (ESMO),
and the Chinese Society of Clinical Oncology (CSCO)**.
Furthermore, some potential targeted drugs, such as the KRAS
G12C inhibitor sotorasib (AMG-510), the KRAS G12D inhib-
itor MRTX1133, a pan-KRAS inhibitor, and the NTRK inhib-
itor entrectinib (RXDX-101), may be considered as later-line
treatments. Relevant clinical trials are presented in Table 1.
Nonetheless, a sizeable patient population does not respond
to existing targeted drugs or develops acquired resistance, thus
necessitating the investigation of novel viable targets. In our
recent study, we have found that RBM10 mutation is an inde-
pendent prognostic factor for mCRC and is associated with
elevated risk of early recurrence or secondary metastasis; these
findings must be confirmed in an extensive cohort’. Notably,

blockade of upstream single-gene targets affects the activation
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Figure 1 Schematic diagram of the overall structure of this perspective.

of the entire pathway, whereas inhibition of a single gene
downstream is associated with potential secondary resistance
via bypass activation. Thus, the discovery of genomic variants
that interact with existing targets may yield new insights into

molecular-guided targeted therapies.

Future insights: genomic variation interactions
as preferable targets

As previously illustrated, potential effects of genetic variation
interactions, co-occurrence (CO) or mutual exclusion (ME),
have been overlooked. Several CO gene pairs have been identi-
fied as predictors of poor prognosis in CRC. Genomic analysis
has revealed that RAS or BRAF and TP53, as well as the tumor
suppressor gene APC and the oncogene KRAS, are typical
co-mutations that promote the development of CRC*°. ME is
caused primarily by functional redundancy, as exemplified by
KRAS-BRAF in the MAPK pathway and B-catenin regulatory
domain (CTNNBI)-APC in the WNT signaling pathway!'%!%.
Despite the discovery of multiple oncogenic dependencies in
CRGC, their clinical applications remain constrained, because
of the lack of inhibitors that target these co-mutated signaling
pathways synergistically. Furthermore, Fisher’s exact test has
been used to identify potential interactions by incorporating
all mutations in the gene of interest; however, some of these

gene pairings are only statistically significant, but have no

pathogenicity or clinical significance associated with genetic
interactions.

To identify more clinically significant co-occurring muta-
tions and potential effective targeted treatment regimens, an
interaction network model must be developed. In our study, we
constructed the first oncogenic-dependent network of CRC by
using the innovative SELECT algorithm. This algorithm incor-
porates all known functional mutations and copy number
variation in oncogenes and tumor suppressor genes into the
calculation of SELECT scores, thereby accurately quantifying
the functional dependency strength of CO or ME gene pairs.
Through the network, we discovered that the co-occurrence
of oncogenic KRAS and the loss of APC or AMERI resulted
in specific aggressive biological behavior and predicted the
onset of metastasis. The combination of bevacizumab with
first-line chemotherapy did not improve the prognosis of
patients with CRC with co-mutations of KRAS/AMERI and
KRAS/APC. The minimal clinical benefit of chemother-
apy-based treatments was found to be due to co-mutations
that accelerated the phase I/II metabolism of medications’.
Hence, therapeutic targeting of co-mutations involving KRAS
and the WNT pathway, as well as co-mutations involving other
pathways, requires further investigation. To address the prob-
lem of insufficient effective inhibitors, multiple factors must
be considered during regimen development research. These

factors include assessing the synergistic or antagonistic effects
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of novel combination regimens, evaluating potential adverse
effects after administration of drug combinations, and analyz-
ing the possibility of aberrant activation or inhibition of rele-

vant pathways due to crosstalk.

Molecular profiling-guided
immunotherapy for CRC

Immunotherapy benefits: developing genomic
markers and omics-based patient stratification

Currently, genomic indicators used for guiding the use of
immunotherapeutic agents in patients with CRC focus on
microsatellite instability high (MSI-H)/mismatch repair
deficiency (dAMMR) and MSS/proficient mismatch repair
(PMMR). On the basis of promising results from multiple
clinical trials, immune checkpoint inhibitors (ICIs) have been
approved as first-line or neoadjuvant therapies for unresect-
able or metastatic CRC with MSI-H/dMMR characteristics.
The effective use of ICIs is primarily limited to MSI-H/dMMR
CRCs with moderate proportions, which are regarded as
“immunologically hot”. However, not all MSI-H/dMMR CRCs
are suitable for immunotherapy, because the ORRs of immu-
notherapy guided by MSI-H/dMMR range from 33% to 60%.
In contrast, not all MSS/pMMR CRCs, which represent 95%
of all CRCs, are “cold tumors” with poor immunotherapy effi-
cacy. Recent clinical trials have demonstrated initially favora-
ble results of the combination of bevacizumab with chemo-
therapy and immunotherapy in some MSS CRCs (Table 2).
Future development of molecular testing-guided immuno-
therapy will prioritize more precise identification of patients
with CRC who stand to truly benefit from immunotherapy. A
principal direction involves the integration of transcriptomic
and genomic data to accomplish more precise stratification,
such as the use of DNA or RNA signatures to score MSI-H or
MSS CRC. For example, the most recent AtezoTRIBE trial has
identified a novel 27-gene expression signature, DetermalO,
with the potential to predict the effectiveness of atezolizumab
plus chemotherapy and bevacizumab in MSS mCRCs. Higher
DetermalO scores correlate with a greater progression-free
survival (PFS) benefit from the addition of atezolizumab!2.
Similarly, in cohorts of MSI-H mCRC, analysis of the muta-
tional status of DNA microsatellite-containing genes in epi-
thelial cells and non-epithelial transforming growth factor
beta (TGFB)-related desmoplastic RNA markers has been

Li et al. Molecular testing in CRC precision medicine

found to predict the PFS associated with ICI-based immu-
notherapy!®. Additional transcriptomic information, such as
PD-L1 expression, may assist in screening patients with MSS
CRC who are suitable candidates for immunotherapy. We
anticipate that future clinical studies will validate the prognos-
tic value of these markers.

In contrast, the use of novel predictive biomarkers and
the combination of multiple genomic indicators are prom-
ising avenues for refining CRC immunotherapy prediction.
For example, the burden of insertion-or-deletion alteration
(INDEL)-derived neoantigens may serve as a potential bio-
marker of ICI response. Pan-cancer analysis of The Cancer
Genome Atlas (TCGA) data has revealed that INDEL-derived
neoantigens are more immunogenic than single-nucleotide
variant-derived neoantigens. The presence of INDEL-derived
neoantigens is associated with prolonged PFS in patients
treated with ICIs in certain cancer cohorts, including mela-
noma, clear cell renal cell carcinoma, and non-small cell lung
cancer!®. In the context of CRC, our study has revealed that
MSI-H CRCs with high tumor INDEL burden (TIB-H) are
positively associated with CD8+ T-cell infiltration’, in agree-
ment with previous findings'®. Furthermore, we discovered
a strong correlation between MSI score and TIB, thus sug-
gesting that the use of MSI-H and TIB-H in combination is
a superior biomarker. MSI-H/TIB-H has been confirmed to
be a positive marker of increased immune cell infiltration,
up-regulated expression of immune checkpoints, and PD-1/
PD-L1 co-localization’. In addition to MSI-H/TIB-H, MSI-H
in combination with B2M mutations or tumor-infiltrating
lymphocytes may also serve as optimal markers of ICI therapy
in CRCs!®!. The predictive value of MSI-H in conjunction
with RAS/RAF mutations is expected to be examined in future

research.

Additional immunotherapeutic approaches:
transforming “cold tumors” into “hot tumors”

Except for conventional immune medications such as PD-1/
PD-L1 and CTLA-4 antibodies, emerging immunotherapeu-
tic approaches aimed at transforming “cold tumors” into “hot
tumors” may increase the number of patients with CRC who
can benefit from immunotherapy, thus providing potential
avenues for the future development of CRC immunotherapy.

Neoantigen-primed cancer vaccines are effective strategies
for expanding CRC immunotherapy. Research on the Fudan
University Shanghai Cancer Center (FUSCC)-CRC cohort has



Cancer Biol Med Vol xx, No x Month 2023

‘9)ed 9su0dsal 9131930 "YYO ‘|EAIAINS |[BIDAO UBIPBW ‘SOW ‘|eAIAINS 83J)-uoIssaiboid uelpaw ‘S{duw ‘21el [0J3U0d aseasip “4dd

SYuow g6 S4dW ‘%296
DA ‘%6'8L Y40 DYD SS

SYuow ¢'8T S4ddw
‘%001 ¥2A ‘%078 Y40

%CE 40

syuow
6 SOW 'syiuowl g Sidw
syuow 0z SOW ‘syruowl

¥ S4dW '%9°LZ ¥HO

Syjuow g'gT SOW ‘syjuow
T'Z S4dW ‘%Z'ST ¥d0

SYIUOW 6/ SIdW ‘%9€ ¥dO

YD YNNG Ul %/Z
‘DUD YIAIAP Ul %00T Y40

syjuow
G9T S4dW ‘%T 'Sy Y40

%8 ¥2A ‘%69 Y40

SYIUOW Ty S4dW ‘%EE YYO

%007 24D H-IS 3O 440

eJ1UIID B2J931Y Ip
oueljey] 0d160j00uQ oddnin

Ayisianiun
Bueiloyz ‘audIpsinl Jo [0oydS
‘lendsoH pa3eljyy puodss

snys4axy ‘|endsoH Ausiaaiun

D11 8wyoq 1@ dieys 218N

J93Ud) [ed1palN adoH jo A1D

Ayisianiun
Bueiloyz ‘dudIpa|n Jo [ooydS
‘lexdsoH pajeljiy puodas

jse3 |exdsoH Jsua) Jadued
[euoneN ‘elelys 1ayoy

21Mmnsu]
1adue) spueayaN aylL

D11 swiyo 1 dieys o1y
qqinbs sisAN-|olslig

D71 swiyo 1 dieys dose N
supjdoH suyor 4a3uad)

Jaoue) anisusyasdwod
[pwwiy Asupis

€L/(SS) 2§

T4

8¢

1€

6¢

44

S¢

or

L0€

Sy

€9

Tv/(H-ISW) 6

DYDOW ueINW-4vyg/Svy

juawiealy Joud ou yum Hydw
YWING/SSIN PUB JUBINW-SYY

juswieall ._O_\_Q
OU Yum DYDW YIANING/SSIN

juswiealy Joud
OU Yum DYDW YINING/SSIN

DYDW YAING/SSIN

Adesayjowayd jo saul| snoiraid

Z T Yum D¥D HINING/SSIN

Adesayiowayd jo saul| snoiraid

Z T YuM D¥D HINING/SSIN

odd
YNING/SSIN 10 YININR/H-ISW

DUD YNINP/H-ISN

juswieasy Joud

OU YIM D¥DW YININP/H-IS
Adeiayy o aui| Joud

T < Yum DDW HININP/H-IS

YD YNNG
/SS ¥ HININP/H-IS

gewn|oAlu
pue qewnzioeasq snid T4IX04104

auigendaded pue upe|dijexo
pue gewnzideAaq snjd gewi|iuis

gewnjoaiu snid unejdijexo

gewnzijoiqwad snid /X04104W

gewn|oAlu
pue qewnuwi|idi ‘qiuajeiobay

gewijeduo} snid qiuajelobay

gewnjoalu snid qiuajelobay

YODVAIN

XdvDo44

C-XOWWILIN

TS9-I1ONAIN

€20Z Yyied

[HO1053Y

OAINOS3Y

$24D YNING/SSIA Bunabiep

QIX023[22 INoy1Mm 1o yym dnoib
YNNG ‘gewnjoaiu snid gewnuwijid]

Adeiayy sul| -}sdiy se gewnzijoiquiad
qewnuwiidi snid gewn|oAlN
sjuaied

Kiopoelj210WAYD Ul qewnzijoiquidd

sjuaied
Ai03oBI14210WBYD Ul qewnzijolquiad

FHDOIN

LLT-I1ONADI

CYT-91BNP3YD

Y9T-3ILONADI

9T0-3LONAD

$D¥D YININP/H-ISI Bunabiel

S2w0od1nQ

Josuods

syuaned jo JaquinN

uone|ndod 1abue]

uawibal Juswieal]

euy

5110402 YD YINING/SSIN 10/pue YNINP/H-ISIN Ul Adessyrounwiw paseq-[D] JO e [ediuld Ao g ajqeL



confirmed that higher tumor INDEL burden and less neoan-
tigen depletion promote an immune-active phenotype, and
that the potency of the immune response does not depend
solely on the quantity of neoantigens but instead depends on
their qualities. Therefore, developing vaccines against poten-
tial tumor neoantigens that are then infused back into patients
to stimulate T cell responses should be beneficial. Several
ongoing clinical trials, including national clinical trial (NCT)
03639714, NCT03953235, and NCT04117087, are aimed at
validating neoantigen-primed vaccines to boost the immune
response in MSS/pMMR CRCs.

Moreover, certain drugs and molecular inhibitors might have
an effect on CRC immunotherapy expansion. Temozolomide
pharmacologically induces MSH6 mutations and increases
the tumor mutation burden, thereby promoting the immu-
nogenicity of tumor cells and rendering certain MSS/pMMR
CRC:s susceptible to ICIs'8. Inhibitors of particular cytokines
and chemokines, such as interleukin-2 (IL-2) and chemokine
receptor 4 (CXCR4), may also facilitate the transition from
“cold” to “hot” by enhancing cytotoxic activity and antigen
presentation'®.

Furthermore, adoptive cell therapy, such as chimeric
antigen receptor-modified T (CAR-T) cell therapy or tumor-
infiltrating lymphocyte therapy, can be effective approaches.
Magee et al.?® have demonstrated that CAR-T cells target-
ing guanylyl cyclase C (GUCY2C) recognize and destroy
GUCY2C-expressing CRC cells and resist lung metastasis.

Navigating molecular testing in large
cancer centers

Quality control of molecular testing

Because standard diagnostic markers are adapted to the
genetic composition of primarily Western populations, cus-
tomized tumor diagnostic markers must be developed on
the basis of the genetic background of Chinese populations.
Moreover, a standard operating procedure must be estab-
lished to ensure the reproducibility and reliability of molec-
ular testing across laboratories. Sample qualities, reagent
qualities, personnel skills, environmental factors, and anal-
ysis procedures should be strictly controlled. Laboratories
must obtain external quality assessment certifications, such
as ISO 15189:2022. Furthermore, continual quality assurance

is required throughout the data analysis process, and a cycle
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of optimization should be established on the basis of clinical
feedback. For example, the MSI results obtained via next-gen-
eration sequencing (NGS) testing should be compared with
those detected by polymerase chain reaction, or dMMR results
detected by immunohistochemistry. Inconsistencies can be
addressed by modifying analysis algorithms and data anno-
tation criteria, thus increasing the reliability of the molecular
testing platform. Finally, the entire laboratory testing proce-
dure should undergo risk analysis, management, and control
in accordance with ISO 14971: 2019.

Ethical management

Acquiring and managing the genetic information of patients
requires strict adherence to ethical principles. All samples
must be approved and authorized by institutional ethics com-
mittees, and all participants must sign informed consent.
Clinical centers must protect genetic information with the
utmost discretion. Sharing of data should be limited to basic
details useful to scientists, such as the type of cancer as well as
patients’ age, gender, racial and ethnic background, and when

the sample was collected during the course of treatment.
Data management and sharing

The large number of cancer patients in China provides
a favorable foundation for the establishment of reliable
genomic reference databases. Our team is currently construct-
ing a standardized omics database, FD-Dataportal, by using
paired genomic DNA and transcriptomic RNA data derived
from clinical tumor samples as standard candidates. We seek
to improve the accuracy of clinical annotation matching and
drug knowledgebase matching by integrating sequencing data
with clinical pathological characteristics and outcomes. We
hope that sharing these data will facilitate the future develop-
ment of innovative diagnostic and therapeutic approaches for

precision oncology.

Integration of molecular testing and clinical
trials

On the basis of the aforementioned factors, the incorpora-
tion of molecular testing and clinical trials has the potential
to substantially advance clinical research. Results of molecular
testing can identify patients who are candidates for targeted

therapy clinical trials. These patients can be promptly enrolled
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in the trials, thereby maximizing their likelihood of benefit-
ing from novel interventions. With the accumulation of sam-
ple data, molecular characteristics with previously unknown
clinical significance may be uncovered and become novel
molecular biomarkers or target sites, thereby facilitating future

clinical trials.
Conclusions

Overall, molecular testing is critical for the clinical manage-
ment of CRC: it has enabled personalized treatment to increase
efficacy, promoted the development of new drugs, and encour-
aged the conduct of novel clinical trials. Future efforts should
concentrate on the establishment of more precise biomarkers
and more comprehensive classification of CRCs according to
combinations of multi-omics biomarkers. These efforts may
enable a larger population of patients with CRC to derive clin-
ical benefits from precision medicine, and support the realiza-

tion of precision medicine for CRC.
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