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Genetic differences between lung metastases and liver
metastases from left-sided microsatellite stable colorectal cancer:
next generation sequencing and clinical implications
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Background: Data regarding the clinical characteristics and outcomes of lung metastases (LuM) from
colorectal cancer (CRC) are different from those of liver metastases (LiM) from CRC. However, little is
known about the genetic features of LuM. This study aimed to identify the different genetic characteristics
of LuM and LiM from left-sided microsatellite stable CRC.

Methods: Tissue samples of the primary tumors and paired metastases from 18 CRC patients with
isolated LuM (LuM cohort), 18 patients with isolated LiM (LiM cohort), and 10 locally advanced CRC
patients without metastases (control cohort) were selected for next-generation sequencing. Patients in the
LiM cohort had matched clinicopathological characteristics with the LuM cohort. The single-nucleotide
variations (SN'Vs), copy number variations (CNVs), pathway alterations, and tumor mutation burdens (TMBs)
were also calculated and analyzed.

Results: The CNV results showed that ZFHX4, GATA2, and EAM131B amplifications were more common
in the metastatic cohorts than in the control cohort, while RECQL#4 and FLCN amplifications were common
in the controls. The LuM cohort had significantly higher proportions of HNF4A4, BRD4, and U2AF1
amplification. The LuM, LiM, and control cohorts were successfully separated using pathway alteration
analysis. The LuM cohort had more frequent alterations in the RTK/RAS pathway, HIPPO pathway, KRAS,
and MET than the LiM group. The LuM cohort also had relatively higher TMBs than the LiM cohort.
Conclusions: CNVs in primary tumors could identify patients with LuM. Targeting the HIPPO pathway
or MET and immune checkpoint inhibitors (ICIs) combined with other agents might be novel therapies
for LuM.
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Introduction

Colorectal cancer (CRC) ranks as the third most commonly
occurring cancer worldwide (1), while metastasis is the
major cause of death in patients with cancer. The liver
is one of the most frequent sites in which malignancies
preferentially metastasize, followed by the lungs, lymph
nodes, bone, and brain. Rectal cancers, especially middle
and lower rectal cancers, tend to metastasize to the lungs
and bones. While colon cancers mainly have a higher
incidence of liver metastases (LiM) (2). Given that China
has a much higher incidence of rectal cancer than Western
countries (3), treating CRC patients with lung metastases
(LuM) is also an urgent health issue.

Patients with resected LiM could benefit from radical
resection with perioperative treatments. However, most
patients had unresectable LiM and should receive palliative
pharmacotherapy as the standard care. It is currently
recommended to apply the therapeutic strategy of LiM for
patients with LuM due to the lack of specific guidelines for
managing LuM CRC. Approximately only 10% of patients
with initial LuM can undergo radical resection (4,5) but they
do not receive any benefits from adjuvant chemotherapy (6).
Compared with LiM (7,8), the possibility of conversion
from unresectable LuM to resectable LuM is relatively low
(5.7-7.1%) (5). Therefore, the standard treatment for most
patients with LuM or LiM is pharmacotherapy, including
chemotherapy and targeted agents. However, many
metastatic CRC patients who failed to respond to standard
therapies still have good Karnofsky performance status, yet
no other drugs are available for use. This phenomenon is
more obvious in CRC with LuM, since patients with LuM
have longer survival duration and slower growth of cancer
cells compared to LiM (9). The acquisition of the tumor
genetic profiles may screen out specific targets of LuM. For
instance, the frequency of HER2 positivity in LuM is 4%,
which is significantly higher than that in the primary tumor
(1.8%) (10). In the HERACLES and MyPathway trials, the
promising antitumor activity of dual anti-HER?2 therapy
was observed (11,12), indicating that HER2 might be a
valuable therapeutic target of LuM.

Limited data of the genetic features of LuM have been
reported. A small case-match study has revealed that de
novo mutations in LuM are different from those in LiM (13).
A previous study has also demonstrated that KRAS and
PIK3CA mutations are associated with the development of
LuM (14). Taken together, the above evidence suggests that
LuM may represent a unique molecular subtype from that
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of LiM in CRC patients. However, current findings are far
from enough for a full elucidation of the genetic features
of LuM compared to LiM. More biomarkers and targets
are still needed in clinical practice. Therefore, this pilot
study aimed to provide novel insights of genetic differences
between LuM and LiM.

Some clinical and pathological characteristics, such as
primary tumor location (left vs. right) and microsatellite
instability (MSI) status (microsatellite stability vs. MSI),
are associated with genetic profiles of metastatic CRC (15).
"This study focused on microsatellite stable (MSS) left-sided
CRC which represented the most cases of CRC. To reduce
other potential confounding factors that might influence
the genetic features, we selected patients with isolated LuM,
and matched them with isolated LiM patients according to
the clinicopathological features, including age, sex, primary
location, T stage, N stage, histology, and differentiation
grade. As a result, the different genetic profiles between the
LuM and LiM cohorts in this study could be considered as
true molecular differences, while previous studies of genetic
profiles in CRC did not establish these well-matched
cohorts. By comparing the genetic profiles of primary
tumors and the corresponding metastases from patients with
LuM and LiM using next-generation sequencing (NGS),
we found that the CNV characteristics of primary tumors
can be used as a marker to distinguish LuM patients from
LiM patients and patients without metastasis. The LuM
cohort had more frequent alterations in the RTK/RAS
pathway, HIPPO pathway, KRAS and MET than the LiM
group. We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-2221).

Methods
Patients

The clinical data of 213 patients with isolated LuM
CRC who received treatment between 2008 and 2016
were retrospectively reviewed at the Department of
Gastrointestinal Oncology, Peking University Cancer
Hospital & Institute. The main inclusion criteria of the
LuM cohort were as follows: (I) had a biopsy or surgery of
both the primary tumor and LuM; (II) both primary tumor
and LuM tissue samples were available; (III) patients were
diagnosed with left-sided CRC with isolated LuM. After
excluding unqualified participants, a total of 18 LuM CRC
patients were included in the LuM cohort.
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Figure 1 Flow diagram of patient selection. The LiM and LuM cohorts were matched 1:1 according to age (within the range of +10 years,

with the LuM patient as the reference), sex (male, female), primary location (left colon, upper rectum, middle rectum, and lower rectum), T

stage (T'1-2, T3-4), N stage (positive, negative), histology (with or without a mucinous carcinoma or signet ring cell carcinoma component),

and differentiation grade (well to moderate, poor to undifferentiated). CRC, colorectal cancer; LuM, lung metastases; LiM, liver metastases;

NGS, next-generation sequencing.

To investigate the different genetic characteristics
between LuM and LiM, we also selected 18 patients with
left-sided CRC with isolated LiM as the LiM cohort. The
patients in the LiM cohort had matched clinicopathological
characteristics as the LuM cohort to minimize bias in the
study, including age, sex, primary location, T  stage, N stage,
histology, and differentiation grade. In addition, 10 patients
with locally advanced CRC who underwent radical surgery
without relapse within the last 5 years were also selected
as the control cohort. The small sample size in the control
cohort was due to the limited number of patients with
locally advanced CRC admitted to our department. The
detailed selection process is demonstrated in Figure 1. This
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). This study was approved
by the Beijing Cancer Hospital Ethics Committee (No.
2017KT91) and individual consent for this retrospective
analysis was waived.

Tissue samples

Tissue samples from the LuM (n=18) cohort, the LiM (n=18)
cohort, and the control cohort (n=10) were collected. Each
sample had been stored for 2-5 years prior to the study. In
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the metastatic cohorts (LuM and LiM cohorts), 23 out of
the 36 primary tumor tissues had pre-operative treatment,
while the other 13 had upfront resection after being
diagnosed. Four of the 18 LuM tissue samples received
pre-operative treatment, whereas 17 of the 18 LiM tissue
samples had pre-operative treatment. All of the tissue
samples from the control cohort received upfront resection.

DNA extraction

Genomic DNA was extracted from formalin-fixed paraffin-
embedded (FFPE) tumor tissues and fresh tissues soaked
in preservation solution using a blackPREP FFPE DNA
Kit (Analytik Jena, Germany) and a Tiangen Genomic
DNA Kit (Tiangen, Beijing, PRC), respectively. The DNA
concentration was measured using a Qubit dsDNA HS
Assay Kit (Life Technologies, California, USA) following
the manufacturer’s protocol. The extracted DNA was stored
at =20 °C or directly interrupted.

Targeted sequencing

Genomic DNA was sheared into 150-200 bp fragments
using a Covaris M220 Focused-ultrasonicator (Covaris,
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Massachusetts, USA). Once the fragment size met the
requirements, the KAPA HTP Library Preparation Kit
(Illumina platform, KAPA Biosystems, Massachusetts, USA)
was applied to construct the DNA Library according to the
manufacturer’s instructions. The DNA library was captured
with a designed 1406-gene panel (Genecast, Beijing, China)
that included major tumor-related genes. The captured
samples were then subjected to a HiSeq X-Ten system
(Illumina, San Diego, California, USA) for paired-end

sequencing.

Variant calling of single-nucleotide variations (SNVs) and
insertions and deletions (indels)

We used the Mutect2 tool from the Genome Analysis
Toolkit (GATK v3.7) to collect somatic SNVs as well
as insertions and deletions (indel) in tumor and normal
samples. The NimbleDesign assay (1,406 genes) was used
to identify mutations. The following filters were applied:
(I) for mutations that were not in COSMIC (https://cancer.
sanger.ac.uk/cosmic): mutant allele frequency >3% and
tumor variant frequency 5 times higher than normal tissue;
for mutations in COSMIC and passed the Mutect2 filter:
mutant allele frequency >1% and tumor variant frequency
5 times higher than normal tissues; for mutations in
COSMIC but did not pass the Mutect? filter: mutant allele
frequency >1% and tumor variant frequency 10 times higher
than normal tissues; (IT) the number of mutant allele reads
>5; (III) coverage >50; (IV) allele frequency <20% using a
group of healthy human plasma samples from the Genecast
database (n=30); (V) nonsynonymous SNVs and indels; (VI)
located in exon regions; and (VII) allele frequency <0.5% in
the Exosome Aggregation Consortium (ExAC) (http://exac.
broadinstitute.org) and allele frequency <1% in the 1,000
Genomes Project (http://www.internationalgenome.org/

data/).

Calling of copy number variations (CNVs)
We used the CNVKkit (v0.9.2) to obtain the log, copy ratio

from the tumor samples of each patient and each gene.
A panel of healthy control blood samples was used for
reference construction. A gene was defined as copy number
gain (log, copy ratio <log, 1.5) or loss (log, copy ratio
<-log, 5/3) when the number of target intervals was >5.
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Tumor mutation burden (TMB) calculation

For the determination of TMB, the number of somatic
nonsynonymous SNVs (with depth >100x and allele
frequency >2%) detected with NGS (interrogating Mb of
the genome) was quantified, and the value was extrapolated
to the whole exome. Targeted sequencing was performed
for TMB calculation. Alterations which are known to be
bona fide oncogenic drivers were excluded. TMB was
measured in mutations per Mb.

Hierarchical clustering and patbway alteration analysis

We performed hierarchical clustering based on Euclidean
distance using the heatmap package in R software. The
corresponding gene mutations were extracted and the gene
landscape was obtained using specific pathways, as described
in previous research (15).

Statistical analyses

Statistical analyses were performed using R version 3.6.0,
SPSS version 19.0 (SPSS, Inc., Chicago, IL, USA), and
GraphPad Prism (version 7.00, La Jolla, CA, USA) software.
Differences between proportions were evaluated using Fisher’s
exact test. The Kruskal-Wallis test was also applied to compare
differences between multiple groups, while Dunn’s multiple
comparisons test was carried out to compare differences
between 2 groups. All of the tests were two-sided, and P values
less than 0.05 were regarded as statistically significant.

Results
Clinicopathological characteristics

A total of 46 participants were involved in this study,
including 18 in the LuM cohort, 18 in the LiM cohort, and
10 in the control cohort. Two of the 18 primary tumors
and 3 of the 18 metastatic lesions in the LuM cohort, and 2
of the 18 primary tumors in the LiM cohort failed to pass
the quality control for NGS, and were therefore excluded
from further genetic analysis. The clinicopathological
characteristics of each cohort were collected and analyzed
(Table I). Approximately 60% of patients were male. The
most common primary location of tumors was the rectum.
The T stage was 13-4 in all cases, while the N stage was
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positive in most cases.

Genetic landscapes of the primary tumors

All primary tumors were MSS. The most common mutated
gene was TP53 (69%), followed by APC (64%) and KRAS
(31%) in the whole population. No significant difference in
SNVs was observed between the metastatic (LuM + LiM)
cohort and the control cohort or between the LuM and
LiM cohorts (Figure 24, Table S1).

The results of CNVs showed that ZFHX4 (90.6% uvs.
10.0%, P<0.001), GATA2 (34.4% vs. 0.0%, P=0.081), and
FAMI131B (34.4% vs. 0.0%, P=0.081) were commonly
amplified in the metastatic cohort compared to the control
cohort, while RECQL4 (6.3% wvs. 70.0%, P<0.001) and
FLCN (0.0% vs. 30.0%, P=0.010) were commonly amplified
in the control cohort (Figure 2B, Table S2). Based on
the CNV data of the 5 selected genes (FLCN, RECQLA4,
ZFHX4, GATA2, and FAMI131B), hierarchical clustering of
all the primary tumors revealed that the metastatic cohort
and control cohort formed 2 separate clusters (Figure 2C).

The LuM cohort had significantly higher proportions
of HNF4A4 (43.8% vs. 0.0%, P=0.007), BRD4 (50.0% uvs.
6.3%, P=0.015), and U2AF1 (31.3% wvs. 0.0%, P=0.043)
amplification than those in the LiM cohort (Figure 2B,
"Table S2). Based on the CNVs of 3 selected genes (HNF44,
BRD4, and U2AFI) (P<0.05), hierarchical clustering of the
primary tumors from the metastatic cohort demonstrated
that 13 of the LuM patients and 2 of the LiM patients formed
a cluster, while the remaining patients (3 LuM patients and
14 LiM patients) formed another cluster (Figure 2D).

As patients with middle or lower rectal cancer are more
likely to develop LuM than those with upper rectal cancer
or left-sided colon cancer because of venous drainage (16),
we further classified patients into a ‘middle/lower rectum’
group and a ‘colon/upper rectum’ group. The results
indicated that the differences in gene amplification between
the LuM and LiM cohorts in the middle/lower rectum
group were comparable to those in the colon/upper rectum
group (Figure S1).

Pathway alteration analysis

The landscapes of 10 selected pathways and their
frequencies, including WN'T, TGFB, RTK/RAS, PI3K,
P53, NRF2, NOTCH, MYC, HIPPO, and cell cycle,
in the primary and metastatic lesions of all cohorts are
demonstrated in Figure 3 and Table S3. In all of the
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specimens involving primary and metastatic tumors, the
3 most altered pathways were RTK/RAS (80.0%), P53
(76.0%), and WNT (68.0%), while the alteration frequency
of the other pathways ranged from 2.6% (the NRF2
pathway) to 42.1% (the NOTCH pathway).

The analysis of pathway alterations in the primary
tumors showed that the LuM cohort had a higher rate
(87.5%) of RTK/RAS pathway alterations than the LiM
(68.8%) and control (70%) cohorts, with no significant
differences. PI3K pathway alterations were more common
(50.0%) in the LuM cohort with no statistical significance.
The rest of the pathways had similar alterations in the
3 cohorts (Figure 3, Table S3).

Regarding metastatic tumors, LuM was significantly
associated with RTK/RAS pathway alterations (100% uvs.
72.2%, P=0.049) compared with LiM. Furthermore, the
P53 pathway (93.3% vs. 66.7%, P=0.095) and the HIPPO
pathway (33.3% wvs. 5.6%, P=0.070) showed more frequent
alterations in the LuM cohort than in the LiM cohort
(Figure 3, Table S3).

In the RTK/RAS pathway of the LuM cohort, the
alteration frequency of KRAS was the most common (73.3%)
one, which was markedly higher than that in the LiM cohort
(38.9%, P=0.080). In the primary tumors of the LuM cohort,
the KRAS alteration frequency was 43.8%, which was slightly
higher than the LiM (31.3%) and control (30.0%) cohorts.
The MET alteration rate was 40.0% and 5.6% in LuM and
LiM, respectively (P=0.030), whereas there were no MET
alterations in the primary tumors (Figure 3).

Genetic characteristics associated with immune checkpoint
inhibitors (ICls)

The median TMB of the primary tumors in the LuM
cohort was 9.518 SNVs/Mb, which was significantly higher
than that in the LiM (1.003 SNVs/Mb, P=0.003) and
control (3.987 SNVs/Mb, P=0.030) cohorts. Meanwhile,
the LuM cohort demonstrated notably higher TMB levels
than the LiM cohort (6.022 vs. 2.02 SNVs/Mb, P=0.044)
(Figure 4, Table 2). A ' TMB >10 SNVs/Mb was observed
more frequently in samples from the LuM cohort than the
other 2 cohorts (P=0.004) (Table 2).

The panel used in this study contained several genes
whose alterations might contribute to the response (positive
gene) or resistance (negative gene) to ICIs. The alteration
frequencies of these positive and negative genes were not
different between the primary and metastatic lesions or
between different cohorts (Figure 5, Table §4).
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Discussion

In this study, all primary tumors and metastatic lesions
were MSS, indicating the high concordance of MSI status
between primary tumors and metastases, which was in
accordance with previous findings (17). Therefore, the
population in this study was relatively homogeneous.
Considering other clinical and pathological characteristics
were also matched between LuM and LiM cohorts, it was
believed that the different genetic profiles of LuM and LiM
were relatively credible despite of the small sample number
involved.

Early identification of locally advanced CRC patients
who have a high risk of developing LuM can help with
postoperative surveillance. Several clinical studies have
shown that LuM is associated with RAS mutation (18-21),
PIK3CA mutation (22), and MTDH amplification (23).

© Annals of Translational Medicine. All rights reserved.

However, the current findings regarding these gene
alterations were not sufficient to predict LuM development.
A previous study demonstrated that 45.3% of patients with
KRAS mutations developed LuM, while 37.3% of patients
developed LiM (19). Our results are consistent with the
previous findings in that 13 patients had KRAS mutant
primary tumors, 6 patients developed LuM, and 5 patients
developed LiM. In 29 patients with KRAS wild-type
primary tumors, 10 and 11 patients developed LuM and
LiM, respectively.

We also compared the genetic profiles of primary tumors
from the LuM cohort, the LiM cohort, and the control
cohort to explore the ‘metastatic signatures’ of CRC using
NGS. The results demonstrated that the amplifications
of ZFHX4, GATA2, and FAM31B were common in the
metastatic cohorts, while frequent amplifications of FLCN
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and RECQL4 were observed in the control cohort. Zinc
Finger Homeobox 4 (ZFHX4), a putative transcription
factor, plays a crucial role in regulating glioblastoma
pathogenesis (24). In the CRC cell line HCT-116, which
has high expression of ZFHX4, the cell-cell junctions
become closer. In contrast, the down-regulation of ZFHX4
could inhibit the capacity for cell migration. Furthermore,
patients with high ZFHX4 mRNA levels are reported
to have a poorer prognosis compared to those with low
mRNA levels (25). GATA binding protein 2 (GATA2), a
key member of the zinc finger transcription factor family,
contributes to the development of hematopoietic malignant
disorders and solid tumors, such as breast cancer and non-
small cell lung cancer. High GATA2 expression is associated
with later clinical stage of CRC (26). In our study, GATA2
and ZHFX4 were amplified more frequently in metastatic
CRC than in locally advanced CRC, indicating that these
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Figure 4 Tumor mutation burdens of the primary tumors and
metastatic lesions. Data are mean + SD. SNV, single-nucleotide
variation; LuM, lung metastases; LiM, liver metastases; SD,

standard deviation.
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genes might have important roles in tumor invasion and
metastasis. Given that both GATA2 and ZHFX4 genes
encode transcription factors, the regulation of transcription
factors might be a potential metastatic mechanism of
CRC by either activating oncogenes or inactivating
suppressor genes. Further studies are required to validate
the association of mRNA levels or protein expression with
gene amplification, and to explore detailed metastatic
mechanisms. RECQL4, one of the RECQ helicases, is
responsible for unwinding double-stranded nucleic acids
and maintaining genomic integrity. CRC patients had
significantly higher mRNA levels of RECQL4 than normal
colonic mucosa, which suggests the potential survival
advantage of CRC cells over normal tissues (27). In our
study, RECQL4 amplification was detected in 7 out of
10 controls, while only 2 out of 32 metastatic patients had
RECQL4 amplification. We found that most primary tumors
without metastases need RECQL4 amplification to remain
tumorigenic, while those with metastatic potential do not.

The results of hierarchical clustering analysis showed
that patients with either LuM or LiM could be separated
from those with locally advanced CRC in accordance with
the CNVs of the above 5 genes, which raised the possibility
of establishing a ‘metastatic signature’ of CRC.

Three additional genes, BRD4, HNF4A, and U2AFI,
showed significantly higher amplification frequency in the
LuM cohort than in the LiM cohort. BRD4 is an epigenetic
regulator that localizes to DNA by binding to acetylated
histones and plays an important role in the pathogenesis
of CRC (28,29). Preclinical work has demonstrated that
BRD4 inhibitors could inhibit tumor migration, invasion,
and distal metastases (29). The transcription factor HNF4a,
a member of the superfamily of nuclear receptors, has a
pivotal role in oncogenic metabolism depending on the
tissue specificity (30). The inhibition of tumor growth and
proliferation in CRC after HNF4a suppression indicates
that HNF4A4 is an oncogene (31). In the present study,
BRD4 and HNF4A amplification was observed in 50% and

Table 2 Tumor mutation burdens of primary and metastatic lesions in LuM, LiM and Control Cohorts

LuM cohort LiM cohort Control cohort
TMB (SNVs/Mb) P
Primary (n=16) Metastases (n=15) Primary (n=16) Metastases (n=18) Primary (n=10)
Median 9.518 6.022 1.003 2.02 3.987 0.004
>10, n (%) 8 (50.0) 5(33.3) 1(6.3) 3(16.7) 1(10.0)
>15, n (%) 3(18.8) 4 (26.7) 1(6.3) 2(11.1) 0(0.0)

LuM, lung metastases; LiM, liver metastases.

© Annals of Translational Medicine. All rights reserved.
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43.8% of patients with LuM, respectively. Therefore, BRD4
and HNF4A inhibitors may be able to reduce the risk of
developing LuM.

Moreover, we found that 8 out of 9 patients with BRD4
amplification, 7 patients with HNF4A amplification, and
5 patients with U24F1 amplification in the primary tumors
developed LuM. Based on the CNV alterations specific
to LuM, cases with LuM were separated from those with
LiM in the hierarchical clustering. However, these findings
should be further validated in an independent cohort with a
large number of samples.

At present, pharmacotherapy is the major treatment
strategy for metastatic tumors. Although LuM has better
survival than most distal metastases (9), there are no
effective drugs for patients with LuM. In this genetic
analysis, we aimed to explore the possibility of new
therapeutic targets and ICIs for patients with LuM. The
comparison of pathway alterations between LuM and
LiM demonstrated that the RTK/RAS pathway and KRAS
alterations were enriched in the LuM cohort, indicating the
ineffectiveness of anti-EGFR antibodies. Additionally, MET
amplification and the activation of the HIPPO pathway
which were common in LuM may serve as therapeutic
targets for LuM.

The MET gene, an important oncogene, encodes the
tyrosine kinase receptor for hepatocyte growth factor and
promotes tumor growth, invasion, and metastasis (32).

© Annals of Translational Medicine. All rights reserved.

It is located upstream of the KRAS gene in the RTK/
RAS pathway (15), while its amplification is an acquired
mechanism of resistance to EGFR inhibitors (33). MET
amplification was observed in approximately 1% of
untreated metastatic CRC (mCRC) (33) and 1% of left-
sided mCRC (34). Notably, none of the patients received
anti-EGFR therapy in our LuM cohort, however, MET
amplification was observed in 4 out of 16 (25%) LuM
cases, indicating a potential role for MET inhibition in the
therapeutic strategy of LuM.

In a multicenter phase 2 study, 41 anti-EGFR-
resistant patients with high MET expression and wild-
type KRAS mCRC received the MET inhibitor tivantinib
plus cetuximab, which showed a 9.8% overall response
rate (ORR) and 43.9% disease control rate. In 13 tested
patients with MET amplification, 2 patients with MET
amplification achieved partial response (PR), while only
1 of the 11 patients without MET amplification achieved
PR (32). Therefore, anti-MET therapy might be suitable
for MET-amplified LuM. Nevertheless, it should be noted
that all cases of MET amplification in this study were
accompanied by KRAS mutations (Figure 3). Consequently,
the combination of MET inhibitors and KRAS inhibitors,
such as AMG 510 (35), might become a novel therapeutic
target for LuM.

The HIPPO pathway is a cancer signaling network (36),
and its alteration has been observed in approximately 10%

Ann Transl Med 2021;9(12):967 | https://dx.doi.org/10.21037/atm-21-2221
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of MSS CRCs without POLE mutations (15). Here, the
mutation or loss of copy numbers of tumor suppressor
genes including FATI, FAT2, FAT3, and FAT4 in the
HIPPO pathway were found in 33.3% of LuM, indicating
that the HIPPO pathway might be activated and that a
HIPPO pathway inhibitor might have a potential role in the
treatment of LuM.

ICIs are not effective in 95% of patients with MSS
mCRC (34), making it urgent to find new immunotherapies.
Recently, durvalumab plus tremelimumab had better overall
survival (OS) compared to placebo in MSS patients with
a TMB >28 SNVs/Mb (21% of MSS patients) (37). Our
results showed that patients with LuM were more likely to
have higher TMB levels than patients with LiM, suggesting
that patients with LuM may be a target population to
receive combined ICIs. In the phase 1 trial REGONIVO,
regorafenib plus nivolumab resulted in a 33% ORR in
patients with MSS CRC (38). More recent data has shown
that patients with LuM could receive more benefit from this
treatment regimen than those with LiM in MSS CRC (39).
These interesting findings might be explained partially
by the relatively high TMB in LuM and the unexplored
microenvironment in different metastatic organs. However,
further analyses are required to find out if CRC patients with
LuM could be the potential treatment population of IClIs.

This study has some limitations. First, the sample size
was relatively small with minor statistical power due to the
strict inclusion criteria, which allowed the close association
of genetic differences with the metastatic phenotypes
among different cohorts. Further studies with larger sample
sizes in an independent cohort are essential to validate our
findings. Second, most genetic differences were discovered
as copy number alterations using NGS. These CNVs were
not validated by RNA analysis or immunohistochemistry
due to the lack of additional specimens. This is because
the LuM and LiM specimens were collected prior to this
study. Third, this pilot study showed the potential genetic
differences and different amplification frequencies of
certain genes between LuM and LiM, such as ZFHX4
and BRD4. However, their detailed functions and affected
pathways related to specific metastatic organs remain to
be investigated, and our data are currently available only
at the DNA level, with a lack of exploration at the RNA
level and epigenetic level. Lastly, the results were obtained
from left-sided MSS CRC, and could not be extrapolated
to right-sided CRC. Right-sided CRC with LiM had a
poorer prognosis compared to left-sided CRC (40), while
those with LuM seemed to have similar survivals regardless

© Annals of Translational Medicine. All rights reserved.
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of primary location (5). Therefore, the underlying genetic
differences between LuM and LiM in right-sided CRC
should be further investigated.

Conclusions

This study presented evidence that the genetic
characteristics of LuM from left-sided MSS CRC were
distinct from those of LiM from left-sided MSS CRC.
Patients with LuM could be separated from those with
LiM and without metastases based on CNV features of the
primary tumors. BRD4 and HNF4A inhibitors might reduce
the risk of developing LuM. For LuM patients with MSS
CRC, targeting the HIPPO pathway or MET alterations
might become a novel approach, and ICIs combined with
other agents need to be investigated, especially for patients

with high TMB.
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