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Treatment for advanced colorectal cancer is often limited by complex

molecular profiles, which promote resistance to systemic agents and tar-

geted monotherapies. Recent studies suggest that a personalized, combina-

torial approach of matching drugs to tumor alterations may be more

effective. We implemented a precision medicine strategy by forming a

Molecular Tumor Board (MTB), a multidisciplinary team of clinicians, sci-

entists, bioinformaticians and geneticists. The MTB integrated molecular

profiling information and patient characteristics to develop N-of-One treat-

ments for 51 patients with advanced colorectal cancer. All patients had

metastatic disease and 63% had received ≥ 3 prior therapy lines. Overall,

34/51 patients (67%) were matched to ≥ 1 drug recommended by the MTB

based on individual tumor characteristics, whereas 17/51 (33%) patients

received unmatched therapies. Patients who received matched therapy

demonstrated significantly longer progression-free survival (hazard ratio

[HR], 0.41; 95% confidence interval [CI], 0.21–0.81; P = 0.01) and a trend

towards higher clinical benefit rates (41% vs. 18%, P = 0.058) (all multi-

variate) compared to patients receiving unmatched therapy. The MTB

facilitated personalized matching of drugs to tumor characteristics, which

was associated with improved progression-free survival in patients with

advanced colorectal cancer.

1. Introduction

Colorectal cancer (CRC) is the third most commonly

diagnosed cancer worldwide and the second most fre-

quent cause of cancer-related death, with approxi-

mately 1.8 million new cases diagnosed each year and

approximately 900 000 deaths annually [1]. Surgery

and chemotherapy have long been the backbone of

CRC treatment [2]. Standard chemotherapy regimens

commonly include 5-fluorouracil, oxaliplatin, irinote-

can, and capecitabine in various combinations [2]. Fur-

thermore, certain targeted therapies have become
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regularly used in CRC treatment. Anti-EGFR agents

(cetuximab, panitumumab) are approved for first-line

therapy in metastatic CRC, with selection for RAS

wild-type patients [3]. Anti-VEGF/VEGFR agents

such as bevacizumab are approved for first- and

second-line treatment of CRC, without biomarker

selection [2]. Unfortunately, the 5-year relative survival

rate is still only ~ 14% for patients with advanced

CRC [4].

Recently, the deployment of next-generation

sequencing (NGS) has led to the development of other

targeted approaches that aim to directly match drugs

with molecular alterations [5–8]. One example is the

NTRK inhibitor larotrectinib, which has shown an

overall response rate of ~ 75% in solid tumors with

NTRK fusions [9]. Another example is the utilization

of anti-PD-1 immunotherapies (pembrolizumab, nivo-

lumab), which are approved for metastatic CRC with

mismatch repair (MMR) deficiency and/or high

microsatellite instability (MSI-H), showing a ~ 55%

overall response rate in these patients [10–12]. Ulti-

mately, while the strategy of selecting patients for ther-

apy based on genomic alterations has shown promise

in many settings, the majority of patients with CRC

who undergo single-agent targeted therapy demon-

strate limited responses, and rapidly develop therapeu-

tic resistance [2].

The effectiveness of matched targeted monotherapy

is often limited by the genomic heterogeneity that

exists between tumors of the same tissue type and the

fact that most advanced cancers have molecular pro-

files that are complex [13]. Even when targetable

molecular alterations are identified, it is difficult to

determine their driver vs. passenger status in tumors

with multiple genomic aberrations [6,14–17]. Recent

studies suggest that the optimal strategy may involve

a combinatorial use of therapies in order to maxi-

mize the matching of drugs to molecular alterations

[18,19].

We implemented a clinical precision medicine strat-

egy facilitated by a Molecular Tumor Board (MTB)

[20–23]. This diverse, multidisciplinary team of clini-

cians and scientists functions by incorporating a com-

prehensive review of each patient’s unique

characteristics, including molecular profiling, imaging,

pathology, laboratory findings, and clinical history, in

order to develop an N-of-One treatment plan discussed

for each cancer patient. The idea of the MTB has been

a growing treatment paradigm in the field of precision

oncology with variable success in clinical practice

[21,22,24,25]. For example, some MTBs have demon-

strated objective response rates as high as 44–67% in

patients with non-small cell lung cancer [26,27].

However, other MTBs treating various solid and

hematologic cancers have shown objective response

rates from 0–13% [28,29]. In the case of CRC, the use

of an MTB to match molecularly targeted regimens to

patients has recently shown improved outcomes in

patients with metastatic CRC [30]. Here, we present 87

patients with advanced colorectal cancer who were

presented to the University of California San Diego,

Center for Personalized Cancer Therapy Molecular

Tumor Board and demonstrate several lines of evi-

dence to support that recommended matched therapies

are associated with improved clinical outcomes.

2. Patients and methods

2.1. Molecular Tumor Board

The meetings for the face-to-face Molecular Tumor

Board (MTB) discussions consisted of one to one and

a half hour sessions, approximately three times per

month, covering the cases submitted by treating physi-

cians. An MTB project manager organized the meeting

agendas including de-identified patient information

(age, sex, attending physician, diagnosis, treatment his-

tory, pathology) and the molecular profiling informa-

tion, including test used and molecular diagnostics

report as well as the date of specimen. In addition, the

project manager assisted with ordering tests from

certified laboratories and obtaining consent when

needed.

The MTB meetings were led by a senior and mid-

level medical oncologist with comprehensive experience

in genomics, clinical trials, medical oncology and

immunotherapy. The MTB consisted of a wide range

of specialists including medical, radiation, and surgical

oncologists as well as radiologists, pathologists, geneti-

cists, clinical trial coordinators, translational/basic

science researchers, and bioinformaticians. The pathol-

ogy, imaging, clinical history, and laboratory tests

were evaluated. All laboratory tests were Clinical Lab-

oratory Improvement Amendments (CLIA)-licensed

and College of American Pathologist (CAP)-

accredited. Furthermore, discussion focused on the

molecular profiling of each patient, assessing the

impact of known alterations on cancer pathways, the

possibility of germline mutations, and whether there

were drugs, either in clinical trials or FDA approved,

which could target the aberrations present. Medication

acquisition specialists and clinical trial coordina-

tors/navigators present at the MTB enabled obtaining

medications (either on- or off-label approved) and

screening for available clinical trials. Throughout all
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MTB discussions, all HIPAA privacy laws were closely

followed. The accuracy of the MTB report was thor-

oughly reviewed by the presenting physician and the

MTB moderator before it was written into the medical

record. MTB recommendations were considered advi-

sory, with all treatment decisions to be made by the

responsible physician.

2.2. Patients and therapy

This study evaluated 87 patients with CRC out of the

total 715 patients with various malignancies who pre-

sented face-to-face at the Molecular Tumor Board

(MTB) between December 2012 and September 2018

(Fig. 1) [23]. Among these patients, those who did not

receive treatment following MTB discussion (N = 27)

or those whose treatment did not change within

6 months following MTB discussion (N = 9) were

excluded from the cohort. These patients were

excluded most often because they presented to the

MTB to assess potential future treatment strategies

but did not need immediate treatment (Patients who

received treatment more than 6 months after the MTB

were excluded from this report). The remaining 51

patients with colorectal cancer whose treatment chan-

ged following MTB, and their subsequent clinical fol-

low up were included for analysis. All patients who

had a change in therapy had shown tumor progression

or intolerance to the prior therapy. Patients may have

been treated with approved drugs (on- or off-label) or

with investigational drugs (on a secondary clinical

trial). The physician chose the treatment and could fol-

low or not follow the MTB recommendations. Elec-

tronic medical records were reviewed for de-identified

characteristics and outcome data. This present study

adhered to the guidelines established by the Internal

Review Board (IRB)-approved University of Califor-

nia San Diego (UCSD) Profile Related Evidence

Determining Individualized Cancer Therapy (PRE-

DICT) study (NCT02478931) and any additional

investigational studies for which patients gave written

and informed consent. The study methodologies also

conformed to the standards set by the Declaration of

Helsinki.

2.3. NGS of tissue and cell-free circulating tumor

DNA (cfDNA)

Tissue and blood-derived cfDNA NGS were obtained

from one of several Clinical Laboratory Improvement

Amendment (CLIA) certified laboratories: Founda-

tion Medicine (https://www.foundationmedicine.com/),

Tempus (https://www.tempus.com/genomic-profiling/),

Guardant (https://guardanthealth.com/), University of

Patients with colorectal cancer presented at MTB (N = 87) 

Matched
N = 34

Unmatched
N = 17

Exclusion* (N = 36): 
Received no treatment after MTB 
discussion (N = 27)
Treatment not changed within 6 
months of MTB (N = 9)

Patients with follow up and change in 
treatment after MTB (N = 51) 

Total patients with various malignancies 
presented at MTB (N = 715)

•

•

Fig. 1. Consort diagram of 87

colorectal cancer patients

presented at face-to-face Molecular

Tumor Board (MTB) [23]. *Excluded

patients were most often those

who presented to the MTB for

assessment of future treatment

strategies, but without need for

immediate treatment.
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California San Diego Health (https://health.ucsd.edu/),

Memorial Sloan Kettering Cancer Center (https://

www.mskcc.org/). Tissue panels ranged from 182 to

596 genes and blood-derived cfDNA panels ranged

from 54 to 74 genes. In particular patients, protein

expression and mRNA analysis were also conducted,

as well as evaluation of specific immune markers. The

treating physician decided tests ordered. Variants of

unknown significance were not considered in therapy

decisions.

2.4. Statistical methods and endpoints

The patients and their molecular characteristics were

presented with descriptive statistics. Outcome variables

included progression-free survival (PFS) and overall

survival (OS). PFS was defined as the time between

the treatment start date after MTB presentation and

the date of progression, determined by clinical findings

or imaging. OS was defined as the length of time from

the treatment start date after MTB presentation and

the last follow-up date. Patients were censored for PFS

at last follow-up date if they had ongoing therapy

without progression at that date. Patients were cen-

sored for OS if they were alive at last follow-up date.

Clinical response was evaluated based on RECIST cri-

teria [31]. For survival analysis, Kaplan–Meier analysis

with Cox regression was used to compare subgroups

of patients. Patients without progression (for PFS) or

still alive (for OS) at the time of last follow up were

censored at that date. To compare clinical benefit

rates, binomial logistic regression was used. P-values

≤ 0.05 were considered significant. Statistical analyses

were performed with R and SPSS, version 25 (IBM

Corporation, Armonk, NY, USA).

2.5. Matching

Treatment was considered “matched” if ≥ 1 compound

in the therapy regimen targeted ≥ 1 aberration or

pathway component aberrant in a patient’s molecular

profile or a functionally active protein preferentially

expressed in the tumor with an IC50 value in the low

nmol�L�1 range (for small molecule inhibitors) or if

the aberration was the primary target for antibodies.

BRCA mutations and other alterations that cause

homologous DNA repair defects were considered

matched to PARP inhibitors or platinum agents.

Checkpoint blockade was considered matched if the

patient had intermediate or high tumor mutation bur-

den (TMB), positive immunohistochemistry for PDL1

or specific tumor alterations such as PDL1 amplifica-

tion. Detailed information on the matched patients,

their molecular characteristics and the specific drugs

that were suggested by the MTB is provided in

Table S1. Additionally, specific alterations and ratio-

nale for the matched therapies that were given are pro-

vided in Table S2. Further details on the MTB

matching have also been previously reported [18,23].

3. Results

3.1. Patient characteristics

Of the total 87 patients with CRC that presented in

the face-to-face MTBs, 51 individuals were assessable

for therapeutic clinical outcome (Table 1). The most

common reason that patients were inevaluable was

that they were presented by the physician at MTB

before progression in order to hear about back-up

future plans, but the patient then did not require ther-

apy for at least 6 months. Among these 51 patients,

the median age was 56 years (range: 31–74). Twenty-
seven patients (53%) were women, and 24 patients

(47%) were men. The patients had some form of

advanced or metastatic colorectal cancer. Most

patients had colorectal adenocarcinoma; however, two

patients had rectal squamous cell carcinoma. Lastly,

32 of the patients (63%) had ≥ 3 therapies prior to

MTB presentation.

Table 1. Baseline demographics and sequencing tests of CRC

patients presented at the face-to-face Molecular Tumor Board

(MTB) and assessable for clinical treatment outcome (N = 51).

Total patients with colorectal cancer (N = 51)

Period December 2012–September 2018

Median age at

MTB (years) (range)

56 (31–74)

Sex, N (%) Men, 24 (47%); Women, 27 (53%)

Next-generation sequencing (NGS) N, patients

Tissue-based sequencing 47

Foundation Medicine 44

UCSD NGS 1

MSKCC NGS 1

Tempus NGS 1

Liquid biopsy 30

Guardant cfDNA 27

Foundation Medicine cfDNA 3

Abbreviations: cfDNA, cell-free DNA; MTB, Molecular Tumor

Board; MSKCC, Memorial Sloan Kettering Cancer Center; UCSD,

University of California, San Diego.
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3.2. Molecular characteristics of patients showed

variable and complex molecular portfolios

All molecular profiling reports performed by clinical-

grade laboratories for each patient were evaluated dur-

ing the MTB discussion. Tissue NGS was performed

in 47 patients at four different laboratories and

cfDNA analysis was performed in 30 patients at two

laboratories (Table 1).

From tissue NGS of CRCs (N = 47), TP53 was the

most commonly altered gene (85% [40/47]) followed

by APC (72% [34/47]), KRAS (57% [27/47]), PIK3CA

(19% [9/47]), and SMAD4 (17% [8/47]) (Fig. 2A).

Alterations detected by tissue NGS included muta-

tions, deletions, amplifications, insertions and multiple

aberrations of genes.

Among CRCs with blood-derived cfDNA profiling

(N = 30), the most commonly altered genes were TP53

(63% [19/30]) followed by KRAS (43% [13/30]), APC

(33% [10/30]), MYC (20% [6/30]), and EGFR (20%

[6/30]) (Fig. 2B). Alterations detected by cfDNA pro-

filing included mutations, deletions, amplifications and

multiple aberrations of genes.

3.3. Patients who were matched to therapy had

longer PFS than those with unmatched therapy

Among the 51 evaluable colorectal cancer patients, 34

(67%) were matched to ≥ 1 drug recommended by the

MTB. The remaining 17 patients received an

unmatched therapy following MTB discussion.

Patients who received matched therapy had signifi-

cantly improved PFS when compared to patients who

received unmatched therapy (HR, 0.53; 95% CI, 0.28–
0.99; P = 0.048 [univariate analysis]) (Fig. 3A). The

association between matched patients and improved

PFS remained significant after multivariate analysis

(HR, 0.41; 95% CI, 0.21–0.81; P = 0.01) (Table 2). In

(A) (B)

Fig. 2. Frequency of characterized genomic alterations from tissue NGS and cfDNA of colorectal cancer. (A) Alterations identified by tissue

NGS (N = 47). Alterations present in ≥ 4% of patients were included. (B) Alterations identified by cell-free DNA (N = 30). Alterations present

in ≥ 3% of patients were included. Colored bars show the percent of patients with the specific type of genomic alteration for each gene.

Multiple aberrations indicates that some patients harbored multiple types of alterations (e.g. mutation, deletion, insertion) within the same

gene.
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contrast, matched patients exhibited no significant

improvement in OS when compared to unmatched

patients (HR, 0.85; 95% CI, 0.41–1.76; P = 0.659 [uni-

variate analysis]) (Fig. 3B). Notably, of the 17

unmatched patients, four patients died upon progres-

sion of disease from initial treatment (i.e., date of pro-

gression equals the date of death). However, 8 (62%)

of the remaining 13 patients whose disease progressed

on their initial unmatched therapy, were subsequently

switched by their treating physician to the matched

targeted therapy that was originally recommended by

the MTB (potentially confounding the OS).

Similar to previous studies, we stratified patients

who exhibited stable disease (SD) ≥ 6 months, partial

response (PR), or complete response (CR), based on

RECIST criteria, as having clinical benefit (SD

≥ 6 months/PR/CR) from treatment, whereas patients

who had progressive disease (PD), or stable disease

< 6 months, were categorized as not having clinical

benefit [23,31]. Subsequently, patients who received

matched therapies showed a trend towards a higher

rate of clinical benefit (41% [13/32]) when compared

to patients who received unmatched therapies (18%

[3/17]) (odds ratio [OR], 0.21; 95% CI, 0.04–1.06;
P = 0.058; multivariate analysis; Table 3 and Fig. 4).

4. Discussion

The MTB experience at the University of California,

San Diego Moores Cancer Center demonstrated the use

of molecular profiling technologies to characterize and

treat advanced CRC. Multiple clinical-grade testing

modalities, including tissue NGS, blood-derived

cfDNA, mRNA and IHC were evaluated and facilitated

the MTB discussion. Molecular profiling of 51 patients

with metastatic CRC revealed genomic alterations simi-

lar in type and frequency to previous reports of common

alterations in CRC (Fig. 2) [5–8]. Ultimately, 34 (67%)

of 51 patients were matched and treated with ≥ 1 drug

recommended by the MTB, while the remaining 17

(33%) patients were treated with unmatched therapy.

Overall, matched patients had significantly longer

PFS when compared to unmatched patients. Further-

more, in multivariate analysis, matched therapy

was independently associated with improved PFS

(P = 0.01) and a trend towards improved clinical bene-

fit rate (SD ≥ 6 months/PR/CR; P = 0.058; Tables 2

and 3). However, when comparing OS, there was no

significant difference between the matched and

unmatched groups. Importantly, upon further analysis,

we observed that 8/13 (62%) unmatched patients who

received treatment following progression on their

unmatched treatment regimen, in fact received

matched therapy for a subsequent therapy line. In this

case, the treating physician initially decided to use an

unmatched therapy, but upon disease progression,

opted to change treatment to the matched therapy that

was originally recommended by the MTB. This was

allowable because the MTB was considered advisory,

and the physicians could choose therapy at any time.

Fig. 3. Progression-free survival and overall survival in matched vs. unmatched patients. (A) Progression-free survival (PFS) in patients who

received matched vs. unmatched therapy (N = 51). Median PFS: whole cohort, 3.6 months (95% CI: 2.6–4.6); matched patients,

3.9 months (95% CI: 1.3–6.5); unmatched patients, 3.1 months (95% CI: 1.6–4.7). Hazard ratio (HR) calculated by univariate Cox regression.

(B) Overall survival (OS) in patients who received matched vs. unmatched therapy (N = 51). Median OS: whole cohort, 11.5 months (95%

CI: 6.5–16.5); matched patients, 9.3 months (95% CI: 3.9–14.7); unmatched patients, 13.1 months (95% CI: 0–27). Hazard ratio (HR)

calculated by univariate Cox regression. Notably, of the 17 unmatched patients, 4 patients died upon progression of disease from initial

treatment (i.e., date of progression equals the date of death). Of the remaining 13 unmatched patients, 8 (62%) received matched targeted

therapy following progression (potentially confounding the OS).
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Therefore, while these patients are placed in the

unmatched group based on their initial treatment, their

subsequent treatment change to matched therapy after

disease progression may be a confounding variable for

OS measurements and may explain the discrepancy

observed between PFS and OS.

Table 2. Association between patient and treatment characteristics and PFS (N = 51).

Characteristics PFS

N Median (months) (95% CI)

Univariate Multivariatea

HR (95% CI) P-value HR (95% CI) P-value

Age, years

≥ 56 25 3.57 (2.15–4.98) 0.76 (0.42–1.38) 0.368 – –

< 56 26 3.17 (0.65–5.68) Reference – – –

Sex

Men 24 3.17 (2.70–3.63) 1.09 (0.59–2.00) 0.782 – –

Women 27 3.90 (1.64–6.16) Reference – – –

Matched treatment

Yes 34 3.90 (1.28–6.52) 0.53 (0.28–0.99) 0.048 0.41 (0.21–0.81) 0.01

No 17 3.13 (1.62–4.65) Reference – Reference –

Number of prior lines of therapy

≥ 3 32 3.17 (2.71–3.63) 1.40 (0.75–2.61) 0.298 – –

< 3 19 6.77 (0.89–12.64) Reference – – –

Received chemotherapyb

Yes 24 5.30 (2.28–8.32) 0.58 (0.32–1.07) 0.083 0.46 (0.24–0.88) 0.019

No 27 2.80 (1.70–3.90) Reference – Reference –

Abbreviations: CI, confidence interval; HR, hazard ratio; PFS, progression-free survival.
aCovariates with P < 0.2 were included in multivariate analysis.
bPatients were categorized as having received chemotherapy if their treatment regimen included any of the following drugs: 5FU, oxaliplatin,

irinotecan or capecitabine.

Table 3. Association between patient and treatment characteristics and clinical benefit rate (SD ≥ 6 months/PR/CR) (N = 49a).

Characteristics Clinical benefit rate (SD ≥ 6 months/PR/CR)

N SD ≥ 6 months/PR/CR, N (%)

Univariate Multivariateb

OR (95% CI) P-value OR (95% CI) P-value

Age, years

≥ 56 24 8 (33.3%) Reference – – –

< 56 25 8 (32.0%) 0.94 (0.29–3.11) 0.921 – –

Sex

Men 22 6 (27.3%) Reference – – –

Women 27 10 (37.0%) 1.57 (0.46–5.31) 0.470 – –

Matched treatment

Yes 32 13 (40.6%) Reference – Reference –

No 17 3 (17.6%) 0.31 (0.08–1.31) 0.112 0.21 (0.04–1.06) 0.058

Number of prior lines of therapy

≥ 3 30 7 (23.3%) Reference – Reference –

< 3 19 9 (47.4%) 2.96 (0.86–10.17) 0.085 3.04 (0.75–12.39) 0.121

Received chemotherapyc

Yes 24 12 (50.0%) Reference – Reference –

No 25 4 (16.0%) 0.19 (0.05–0.72) 0.015 0.16 (0.04–0.71) 0.015

Abbreviations: CI, confidence interval; CR, complete response; OR, odds ratio; PR, partial response; SD, stable disease.
aTwo patients were not included in this analysis because they had ongoing stable disease that was < 6 months at last follow up and hence

it was too early for evaluation of this parameter.
bCovariates with P < 0.2 were included in multivariate analysis.
cPatients were categorized as having received chemotherapy if their treatment regimen included any of the following drugs: 5FU, oxaliplatin,

irinotecan or capecitabine.

2581Molecular Oncology 16 (2022) 2575–2584 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

B. H. Louie et al. Precision medicine for colorectal cancer



There were a number of limitations to the current

study. First, this study represents a retrospective

review of real-world data from the MTB and is not a

randomized controlled trial. Therefore, because this

study was not a randomized controlled trial, we can-

not eliminate the possibility that higher matched

patients had a better prognosis. Second, this study had

a limited number of CRC patients derived from a lar-

ger cohort of patients with multiple types of cancer

who presented to the MTB [23]. Another limitation is

that some of the matches proposed by the MTB may

have had limited impact in CRC. For example, there

is some evidence that PARP inhibitors do not improve

outcomes in CRC patients with DNA damage repair

defects [32]. While previous reports on our MTB strat-

ified patients based on matching score, a percentage

that reflects the degree of molecular matching between

drugs and patient characteristics, our current study

considered only the dichotomization of matched versus

unmatched treatments, mainly due to the very small

number of patients who had high matching scores

(N = 7) [18,23].

5. Conclusions

In summary, the current study demonstrates the utility

of the MTB in characterizing and treating advanced

CRC by integrating multiple profiling modalities and

matching molecular alterations to drugs. Our patients

all had advanced disease with 63% (32 of 51) having

tumors that progressed on ≥ 3 systemic regimens.

Patients could be successfully matched to targeted

drugs, consistent with prior studies in CRC or to

immunotherapy agents, even in the presence of

microsatellite stable disease [33]. Patients treated with

matched versus unmatched therapies exhibited signifi-

cantly longer PFS and showed higher clinical benefit

rates. Of interest was that, overall survival was not

prolonged in patients who received matched versus

unmatched therapies, but this outcome parameter may

have been confounded by the sizable subgroup which

received a matched therapy following progression on

their unmatched regimen. Prospective trials such as

Personalized ANtibodies for GastroEsophageal Ade-

nocarcinoma (PANGEA) (NCT02213289) and

Colorectal and Liquid Biopsy Molecularly Assigned

Therapy (COLOMATE) (NCT03765736) are currently

underway to investigate the use of various molecular

profiling modalities and treatment matching strategies

[34,35]. In conclusion, our study suggests that a multi-

disciplinary MTB can be of benefit to patients with

refractory metastatic CRC. Future studies of larger

groups of patients examined prospectively are war-

ranted.

Acknowledgements

This work was supported in part by the Joan and

Irwin Jacobs Fund and by the National Cancer Insti-

tute at the National Institutes of Health [Grant No.

NIH P30 CA023100 (RK)].

Conflict of interest

SK serves as a consultant for Foundation Medicine

and receives speaker’s fees from Roche. RK has

research funding from Incyte, Genentech, Merck Ser-

ono, Pfizer, Sequenom, Foundation Medicine, Guar-

dant Health, Grifols and Konica Minolta, as well as

consultant fees from LOXO, X-Biotech, Actuate Ther-

apeutics, Genentech and NeoMed. She receives

speaker fees from Roche and has an equity interest in

IDbyDNA and Curematch, Inc, and serves on the

P

Fig. 4. Clinical benefit rate (SD ≥ 6 months/PR/CR) in matched vs.

unmatched patients. Clinical benefit rate (SD ≥ 6 months/PR/CR) in

patients who received matched (13/32 (41%)) vs. unmatched (3/17

(18%)) therapy (N = 49*) (P = 0.058, multivariate analysis). *Two

patients were not included in this analysis because they had

ongoing stable disease that was < 6 months at last follow up and

hence it was too early for evaluation of this parameter.

2582 Molecular Oncology 16 (2022) 2575–2584 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Precision medicine for colorectal cancer B. H. Louie et al.



Board of CureMetrix and CureMatch. BHL, KHK,

HJL, SL, RO and PTF have no competing interests.

Author contributions

RK and SK designed and directed the study. BHL,

SK and RK drafted the manuscript. BHL and SK

analyzed and interpreted the data. KHK, HJL, RO

and SL collected and compiled the data. SK, PTF,

RO, SL and RK were involved in the Molecular

Tumor Board. All authors have read and approved

the manuscript.

Ethics approval and consent to
participate

This present study adhered to the guidelines estab-

lished by the Internal Review Board (IRB)-approved

University of California San Diego (UCSD) Profile

Related Evidence Determining Individualized Cancer

Therapy (PREDICT) study (NCT02478931) and any

additional investigational studies for which patients

gave written and informed consent.

Peer review

The peer review history for this article is available at

https://publons.com/publon/10.1002/1878-0261.13202.

Data accessibility

The datasets used and/or analyzed during the current

study are available from the corresponding author

upon reasonable request.

References

1 Keum N, Giovannucci E. Global burden of colorectal

cancer: emerging trends, risk factors and prevention

strategies. Nat Rev Gastroenterol Hepatol. 2019;16:713–
32.

2 Xie Y-H, Chen Y-X, Fang J-Y. Comprehensive review

of targeted therapy for colorectal cancer. Signal

Transduct Target Ther. 2020;5:1–30.
3 Karapetis CS, Khambata-Ford S, Jonker DJ,

O’Callaghan CJ, Tu D, Tebbutt NC, et al. K-ras

mutations and benefit from cetuximab in advanced

colorectal cancer. N Engl J Med. 2008;359:1757–65.
4 Siegel RL, Miller KD, Goding Sauer A, Fedewa SA,

Butterly LF, Anderson JC, et al. Colorectal cancer

statistics, 2020. CA Cancer J Clin. 2020;70:145–64.
5 Choi IS, Kato S, Fanta PT, Leichman L, Okamura

R, Raymond VM, et al. Genomic profiling of blood-

derived circulating tumor DNA from patients with

colorectal cancer: implications for response and

resistance to targeted therapeutics. Mol Cancer Ther.

2019;18:1852–62.
6 Kato S, Schwaederl�e MC, Fanta PT, Okamura R,

Leichman L, Lippman SM, et al. Genomic assessment

of blood-derived circulating tumor DNA in patients

with colorectal cancers: correlation with tissue

sequencing, therapeutic response, and survival. JCO

Precis Oncol. 2019;3:1–16.
7 Strickler JH, Loree JM, Ahronian LG, Parikh AR,

Niedzwiecki D, Pereira AAL, et al. Genomic landscape

of cell-free DNA in patients with colorectal cancer.

Cancer Discov. 2018;8:164–73.
8 Cancer Genome Atlas Network. Comprehensive

molecular characterization of human colon and rectal

cancer. Nature. 2012;487:330–7.
9 Drilon A, Laetsch TW, Kummar S, DuBois SG, Lassen

UN, Demetri GD, et al. Efficacy of larotrectinib in

TRK fusion-positive cancers in adults and children.

N Engl J Med. 2018;378:731–9.
10 Le DT, Uram JN, Wang H, Bartlett BR, Kemberling

H, Eyring AD, et al. PD-1 blockade in tumors with

mismatch-repair deficiency. N Engl J Med.

2015;372:2509–20.
11 Overman MJ, McDermott R, Leach JL, Lonardi S,

Lenz H-J, Morse MA, et al. Nivolumab in patients

with metastatic DNA mismatch repair-deficient or

microsatellite instability-high colorectal cancer

(CheckMate 142): an open-label, multicentre, phase 2

study. Lancet Oncol. 2017;18:1182–91.
12 Overman MJ, Lonardi S, Wong KYM, Lenz HJ,

Gelsomino F, Aglietta M, et al. Durable clinical benefit

with nivolumab plus ipilimumab in DNA mismatch

repair-deficient/microsatellite instability-high metastatic

colorectal cancer. J Clin Oncol. 2018;36:773–9.
13 Kurzrock R, Giles FJ. Precision oncology for patients

with advanced cancer: the challenges of malignant

snowflakes. Cell Cycle. 2015;14:2219–21.
14 Burris HA, Saltz LB, Yu PP. Assessing the value of

next-generation sequencing tests in a dynamic

environment. Am Soc Clin Oncol Educ Book.

2018;38:139–46.
15 Maron SB, Chase LM, Lomnicki S, Kochanny S,

Moore KL, Joshi SS, et al. Analysis of

circulating tumor DNA and clinical correlates in

patients with esophageal, gastroesophageal junction,

and gastric adenocarcinoma. Clin Cancer Res.

2018;24:6248–56.
16 Kato S, Kurasaki K, Ikeda S, Kurzrock R. Rare tumor

clinic: The University of California San Diego Moores

Cancer Center Experience with a precision therapy

approach. Oncologist. 2018;23:171–8.
17 Kato S, Krishnamurthy N, Banks KC, De P, Williams

K, Williams C, et al. Utility of genomic analysis in

2583Molecular Oncology 16 (2022) 2575–2584 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

B. H. Louie et al. Precision medicine for colorectal cancer

https://publons.com/publon/10.1002/1878-0261.13202


circulating tumor DNA from patients with carcinoma

of unknown primary. Cancer Res. 2017;77:4238–46.
18 Sicklick JK, Kato S, Okamura R, Schwaederle M, Hahn

ME, Williams CB, et al. Molecular profiling of cancer

patients enables personalized combination therapy: the

I-PREDICT study. Nat Med. 2019;25:744–50.
19 Rodon J, Soria J-C, Berger R, Miller WH, Rubin E,

Kugel A, et al. Genomic and transcriptomic profiling

expands precision cancer medicine: the WINTHER

trial. Nat Med. 2019;25:751–8.
20 Parker BA, Schwaederl�e M, Scur MD, Boles SG,

Helsten T, Subramanian R, et al. Breast cancer

experience of the Molecular Tumor Board at the

University of California, San Diego Moores Cancer

Center. J Oncol Pract. 2015;11:442–9.
21 Schwaederle M, Parker BA, Schwab RB, Fanta PT,

Boles SG, Daniels GA, et al. Molecular Tumor Board:

The University of California San Diego Moores Cancer

Center Experience. Oncologist. 2014;19:631–6.
22 Patel M, Kato SM, Kurzrock R. Molecular Tumor

Boards: realizing precision oncology therapy. Clin

Pharmacol Ther. 2018;103:206–9.
23 Kato S, Kim KH, Lim HJ, Boichard A, Nikanjam M,

Weihe E, et al. Real-world data from a Molecular

Tumor Board demonstrates improved outcomes with a

precision N-of-One strategy. Nat Commun.

2020;11:4965.

24 Larson KL, Huang B, Weiss HL, Hull P, Westgate

PM, Miller RW, et al. Clinical outcomes of Molecular

Tumor Boards: a systematic review. JCO Precis Oncol.

2021;5:1122–32.
25 Luchini C, Lawlor RT, Milella M, Scarpa A. Molecular

Tumor Boards in clinical practice. Trends Cancer.

2020;6:738–44.
26 Koopman B, van der Wekken AJ, ter Elst A,

Hiltermann TJN, Vilacha JF, Groves MR, et al.

Relevance and effectiveness of Molecular Tumor Board

recommendations for patients with non–small-cell lung

cancer with rare or complex mutational profiles. JCO

Precis Oncol. 2020;4:393–410.
27 Kaderbhai CG, Boidot R, Beltjens F, Chevrier S,

Arnould L, Favier L, et al. Use of dedicated gene panel

sequencing using next generation sequencing to improve

the personalized care of lung cancer. Oncotarget.

2016;7:24860–70.
28 Tr�edan O, Wang Q, Pissaloux D, Cassier P, de la

Fouchardi�ere A, Fayette J, et al. Molecular screening

program to select molecular-based recommended

therapies for metastatic cancer patients: analysis from

the ProfiLER trial. Ann Oncol. 2019;30:757–65.
29 Trivedi H, Acharya D, Chamarthy U, Meunier J, Ali-

Ahmad H, Hamdan M, et al. Implementation and

outcomes of a Molecular Tumor Board at Herbert-

Herman Cancer Center, Sparrow Hospital. Acta Med

Acad. 2019;48:105–15.
30 Lam M, Pereira AAL, Loree JM, Advani SM,

Overman MJ, Johnson A, et al. Effect of matched

therapy in metastatic colorectal cancer on progression

free survival in the phase I setting. J Clin Oncol.

2018;36:3522.

31 Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH,

Sargent D, Ford R, et al. New response evaluation

criteria in solid tumours: revised RECIST guideline

(version 1.1). Eur J Cancer. 2009;45:228–47.
32 Leichman L, Groshen S, O’Neil BH, Messersmith W,

Berlin J, Chan E, et al. Phase II Study of Olaparib

(AZD-2281) after standard systemic therapies for

disseminated colorectal cancer. Oncologist. 2016;21:

172–7.
33 Kopetz S, Grothey A, Yaeger R, Van Cutsem E, Desai

J, Yoshino T, et al. Encorafenib, binimetinib, and

cetuximab in BRAF V600E-mutated colorectal cancer.

N Engl J Med. 2019;381:1632–43.
34 Catenacci DVT, Lomnicki S, Chase L, Peterson B,

Moore K, Markevicius U, et al. Personalized

ANtibodies for GastroEsophageal Adenocarcinoma

(PANGEA): primary efficacy analysis of the phase II

platform trial (NCT02213289). J Clin Oncol.

2020;38:356.

35 Ciombor KK, Ou F-S, Dodge A, Zemla T, Wu C, Ng

K, et al. Abstract LB-235: COLOMATE: colorectal

cancer and liquid biopsy screening protocol for

molecularly assigned therapy. Cancer Res. 2019;79:LB-

235.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Table S1. Clinical characteristics and therapies sug-

gested by the MTB for 34 patients with matched ther-

apy.

Table S2. Specific alterations and rationale for targeted

therapy given to 34 matched patients.

2584 Molecular Oncology 16 (2022) 2575–2584 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Precision medicine for colorectal cancer B. H. Louie et al.


	Outline placeholder
	mol213202-aff-0001
	mol213202-aff-0002
	mol213202-aff-0003
	mol213202-fig-0001
	mol213202-tbl-0001
	mol213202-fig-0002
	mol213202-fig-0003
	mol213202-tbl-0002
	mol213202-tbl-0003
	mol213202-fig-0004
	mol213202-bib-0001
	mol213202-bib-0002
	mol213202-bib-0003
	mol213202-bib-0004
	mol213202-bib-0005
	mol213202-bib-0006
	mol213202-bib-0007
	mol213202-bib-0008
	mol213202-bib-0009
	mol213202-bib-0010
	mol213202-bib-0011
	mol213202-bib-0012
	mol213202-bib-0013
	mol213202-bib-0014
	mol213202-bib-0015
	mol213202-bib-0016
	mol213202-bib-0017
	mol213202-bib-0018
	mol213202-bib-0019
	mol213202-bib-0020
	mol213202-bib-0021
	mol213202-bib-0022
	mol213202-bib-0023
	mol213202-bib-0024
	mol213202-bib-0025
	mol213202-bib-0026
	mol213202-bib-0027
	mol213202-bib-0028
	mol213202-bib-0029
	mol213202-bib-0030
	mol213202-bib-0031
	mol213202-bib-0032
	mol213202-bib-0033
	mol213202-bib-0034
	mol213202-bib-0035


