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Abstract: Receptor tyrosine kinase erythroblastic oncogene B2 (ERBB2), also known as human epidermal
growth factor receptor 2 (HER2), represents an oncogenic driver and has been effectively targeted
in breast and gastric cancer. Recently, next-generation sequencing (NGS) discovered ERBB2 as a
promising therapeutic target in metastatic colorectal cancer (mCRC), where it is altered in 3–5% of
patients, but no therapies are currently approved for this use. Herein, we present the experience of a
single center in diagnosing actionable genetic ERBB2 alterations using NGS and utilizing the latest
therapeutic options. Between October 2019 and December 2022, a total of 107 patients with advanced
CRC underwent molecular analysis, revealing actionable ERBB2 mutations in two patients and ERBB2
amplifications in two other patients. These findings correlated with immunohistochemical (IHC)
staining. Of these four patients, two were treated with trastuzumab-deruxtecan (T-DXd). We present
two exemplary cases of patients with actionable ERBB2 alterations to demonstrate the effectiveness
of T-DXd in heavily pretreated ERBB2-positive mCRC patients and the need for early molecular
profiling. To fully exploit the potential of this promising treatment, earlier molecular profiling and
the initiation of targeted therapies are essential.

Keywords: HER2; ERBB2; colorectal cancer; molecular tumor board; genomic profiling; targeted therapy

1. Introduction

Colorectal cancer (CRC) is the third most diagnosed cancer, and despite the great
scientific advances of the last 20 years, it is the second biggest cause of cancer-related
death [1]. The combination of established cytotoxic chemotherapy regimens with mon-
oclonal antibodies (mAb) depending on rat sarcoma (RAS) and B-Raf proto-oncogene,
serine/threonine kinase (BRAF) mutational status as standard of care led to a median
overall survival (OS) of approximately 36 months for metastatic CRC (mCRC) [2]. Recently
approved treatments targeting rare conditions, including microsatellite instability (MSI),
lead to a further prolonged OS in affected patients [3,4].

Identification of genetic alterations in the erythroblastic oncogene B2 (ERBB2) gene (for-
merly referred to as human epidermal growth factor receptor 2 (HER2)) such as amplifications
or activating mutations revealed a new oncogenic driver alteration in 3–5% of mCRC
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patients with potential target implications [5,6]. The ERBB2 gene, located on chromosome
17q21, encodes for a transmembrane glycoprotein receptor that has tyrosine kinase activity,
belongs to a family of epithelial growth receptors, and activates various downstream signal
transduction pathways [7]. ERBB2 oncogene amplification or protein overexpression results
in excessive mitogenic signaling, leading to uncontrolled cell growth and tumorigenesis.
Additionally, ERBB2 mutations in the extracellular, transmembrane, or cytoplasmic do-
mains can also activate proliferation signals similarly to amplification [7,8]. Established
scoring systems for the evaluation of ERBB2 status in CRC, like the HERACLES criteria,
rely on immunohistochemical stains (IHC) for quantifying expression and fluorescence in
situ hybridization (FISH) for quantifying gene amplification [9]. While these diagnostic
procedures are standard of care in breast cancer and gastric cancer, where ERBB2 is a more
frequent target, mCRC patients are not regularly screened for ERBB2 alterations in most
centers [10].

In mCRC, comprehensive genomic profiling (CGP) using NGS is being increasingly
adopted for the identification of multiple genomic changes, such as single-nucleotide
variants and copy number changes [11]. Notably, copy number changes for ERBB2 have
been shown to strongly correlate with overexpression levels detected by IHC, and actionable
ERBB2 mutations are now commonly included in NGS panels for CGP of gastrointestinal
tumors [12,13]. As a result, the integration of NGS into routine diagnostic workflows
for advanced, therapy-resistant mCRCs at centers has made it feasible to perform broad
screening for ERBB2 mutations in this patient population for the first time.

Despite the lack of evidence supporting the use of the ERBB2-targeting mAb trastuzumab
in combination with cytotoxic chemotherapy for metastatic colorectal cancer (mCRC), recent
studies have indicated that alternative ERBB2-targeted therapies such as trastuzumab-
deruxtecan (T-DXd), the combination of trastuzumab with the tyrosine kinase inhibitor
(TKI) lapatinib, the ERBB2-targeting mAb pertuzumab, or the ERBB2 inhibitor tucatinib
may offer more favorable outcomes in patients with mCRC [14–17].

In the following analysis, we analyze the role of ERBB2 modifications in mCRC
patients presented on the molecular tumor board (MTB) of the University Medical Center
Göttingen from 2019–2022.

2. Materials and Methods
2.1. Molecular Tumor Board

Starting in 2019, the CGP results of patients treated at the University Medical Center
Göttingen have been discussed in the interdisciplinary MTB. The MTB is part of the Com-
prehensive Cancer Center Niedersachsen (CCC-N), a certified tertiary cancer center. The
MTB is a multidisciplinary team comprising clinicians, pathologists, tumor geneticists, and
precision oncology experts who evaluate CGP results while considering the patients’ medi-
cal history and clinical situation. Based on comprehensive interdisciplinary discussions
and literature research, the interdisciplinary team makes treatment recommendations for
approved targeted therapies, off-label therapies, and available clinical trials, where possible.
External physicians may refer patients to the MTB to discuss available CGP results. If a
therapeutic recommendation is made, the team indicates the evidence level, following the
European Society of Medical Oncology (ESMO) Scale for Clinical Actionability of Molec-
ular Targets and the National Center for Tumor Diseases (NCT). Ultimately, the treating
physician makes the decision to follow the recommendation.

2.2. Patient Population

This is a retrospective cohort study. All patients with colorectal cancer (ICD-10 di-
agnoses C18.x, C19.x, and C20.x) who received CGP and were discussed in the MTB of
the University Medical Center Göttingen between October 2019 and December 2022 were
included in the analysis. Patients with other colorectal tumors than adenocarcinomas were
excluded. The study has been approved by the local ethics committee of the University
Medical Center Göttingen.
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2.3. Sequencing Assays

Different types of CGP techniques have been used for molecular characterization. In
general, DNA and RNA have been extracted from formalin-fixed paraffin-embedded tissue
(FFPE) for further analysis.

With scientific advancements, various panels have been utilized for more extensive
analysis. We have categorized the panels used based on their ERBB2 analysis capacity into
three groups: panels not analyzing ERBB2 mutations or amplifications, panels evaluating
ERBB2 mutations but not amplifications, and panels that screened for both ERBB2 muta-
tions and amplifications. Most patients underwent testing with a QiaSeq Custom Panel,
which assesses 68 genes, including ERBB2 for mutations and is specifically focused on mu-
tations occurring in gastrointestinal cancers but lacks the ability to screen for amplifications.
However, since June 2021, the TruSight Oncology 500 (TSO500) panel has been incorpo-
rated as an additional screening tool. TSO500 is a comprehensive panel that assesses 523
cancer-related genes, inclusive of ERBB2, for single-nucleotide variants, multiple-nucleotide
variants, and copy-number variants and assesses MSI and tumor mutational burden (TMB).
It allows for simultaneous DNA and RNA analysis and can effectively detect clinically
significant ERBB2 mutations and amplifications. Large panels such as TSO500 were em-
ployed in certain cases either preemptively, given sufficient material, or as a subsequent
measure if the QiaSeq Custom GI-Panel was unable to pinpoint clinically actionable targets.
A detailed list of the utilized panels is provided in Supplementary Table S1.

2.4. Conventional ERBB2 Evaluation

Material with CGP-confirmed actionable ERBB2 alterations (activating gene mutations
or copy number variants) was quantified for immunohistochemical ERBB2 expression
using a previously described protocol and assessed by experienced pathologists according
to the DAKO criteria (0 to 3+) [18].

2.5. Statistical Analysis

To summarize patient characteristics, we employed descriptive statistics presented as
frequencies (%).

3. Results
3.1. Patient Characteristics

The CGP results of 111 patients with colorectal cancers were discussed in our MTB
during the study period. Four patients with colorectal malignancies that were not adeno-
carcinomas were excluded; we investigated the remaining one hundred and seven patients.
A total of 22% were discussed twice in the MTB based on different GCP analyses. Looking
at the most comprehensive panel used in each patient, 7% of patients underwent CGP
using a panel without the ability to detect ERBB2 mutations or alterations; for 52%, a panel
including ERBB2 mutations was used; and for 41%, a panel looking at ERBB2 mutations
and amplifications was used (Figure 1).

The median age at initial diagnosis was 54 years (range 23 to 83 years), with a popula-
tion consisting of 61% men and 39% women. Most patients (50%) had tumors in the rectum,
while tumors in the left (26%) and right (23%) colon were almost equally common. Most
patients (61%) were initially diagnosed with metastatic cancer (UICC stage IV), but in more
than one-third of the cohort analyzed, the tumor had not spread to other organs at the time
of diagnosis. Baseline characteristics of the 107 investigated patients are shown in Table 1.
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Figure 1. Flowchart of included patients and most comprehensive panel used for each patient for
CGP. ERBB2: Receptor tyrosine kinase erythroblastic oncogene B2; UMG-MTB: University Medical Center
Göttingen molecular tumor board; CGP: Comprehensive genomic profiling.

Table 1. Baseline characteristics of the included patients (n = 107). UICC: Union for International
Cancer Control; MTB: Molecular tumor board; CGP: Comprehensive genomic profiling; ERBB2:
Receptor tyrosine kinase erythroblastic oncogene B2.

Characteristic Number of Patients

Sex
Male 65 (60.7%)
Female 42 (39.3%)

Primary tumor localization
Caecum/appendix 10 (9.3%)
Ascending colon 8 (7.5%)
Transverse colon 5 (4.7%)
Descending colon 3 (2.8%)
Sigmoid colon 21 (19.6%)
Rectum 59 (55.1%)
More than one primary tumor location 1 (0.9%)

UICC stage at diagnosis
I 1 (0.9%)
II 9 (8.4%)
III 28 (26.2%)
IV 65 (60.7%)
Unknown 4 (3.7%)

Age at diagnosis in years
Median 54.3
Range 23.4 to 83.1

Age at presentation in MTB in years
Median 57.3
Range 23.8 to 83.3
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Table 1. Cont.

Characteristic Number of Patients

Number of MTB presentations with individual GCP
One 83 (77.6%)
Two 24 (22.4%)

ERBB2 scope of most comprehensive panel used for GCP
No analysis of ERBB2 7 (7.5%)
Detection of ERBB2 mutations 56 (52.3%)
Detection of ERBB2 mutations &
alterations 44 (41.1%)

Status at last follow up
Deceased 64 (59.8%)
Alive 43 (40.2%)

Remarkably, despite a median survival period of 53 months after the initial diagnosis,
the survival span following MTB presentation was only 8 months (Figure 2). The late
discussion of these cases at the MTB can be attributed to the non-routine use of GCP prior
to 2019, as well as the preponderance of patients undergoing advanced chemotherapy
regimens without more guideline-recommended options in the MTB. Notably, in this
scenario, actionable ERBB2 alterations tend to be addressed significantly later than instances
of MSI or high TMB, which are routinely evaluated through IHC following an initial mCRC
diagnosis.
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Figure 2. Survival of patients after initial diagnosis and after presentation on the molecular tumor
board of the University Medical Center Göttingen (UMG-MTB). (a) The median survival of patients
after initial diagnosis was 53 months; (b) the median survival after the first presentation in the
UMG-MTB was 8 months.

3.2. Detection and Management of CRC Patients with ERBB2 Amplification or Mutation

ERBB2 tissue overexpression in IHC is commonly associated with gene amplification
and is routinely diagnosed in breast and gastroesophageal cancers. However, the recent
identification of activating ERBB2 mutations and their straightforward diagnosis via CGP
are gaining prominence.
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In the 99 patients who received CGP testing that included ERBB2 mutation analysis,
we found ERBB2 mutations in four patients (4%). Two of these patients harbored previously
defined, actionable pathogen mutations; one harbored a genetic variant of uncertain signifi-
cance (VUS); and one harbored a benign mutation. The specific mutations are described in
Supplementary Table S2. For the malignancy classification, we used the ClinVar database
and the list of eligible ERBB2 mutations used by Li and colleagues in the publication, which
led to the initial approval for T-Dxd in NSCLC [19,20].

From the forty-six patients analyzed with a panel including ERBB2 amplification de-
tection, two patients (4.3%) harbored ERBB2 amplifications. The characteristics of patients
with an actionable ERBB2 mutation or amplification are shown in Table 2.

Table 2. Baseline characteristics of patients with actionable Receptor tyrosine kinase erythroblastic
oncogene B2 (ERBB2) mutations or amplifications.

Characteristic Number of Patients

Sex
Male 2 (50%)
Female 2 (50%)

Primary tumor localisation
Sigmoid colon 1 (25%)
Rectum 3(75%)

Age at diagnosis in years
Median 62
Range 25–66

Received ERBB2 specific treatment
Yes 2 (50%)
No 2 (50%)

Status at last follow up
Deceased 2 (50%)
Alive 2 (50%)

Screening for ERBB2 amplification by IHC or FISH was not routinely performed,
in part because, unlike breast and gastroesophageal cancers, there is no approved first-
line therapy for ERBB2-positive mCRC patients. To investigate the relationship between
the increase in copy numbers and higher expression, samples of patients with detected
amplifications at the gene level in CGP were stained. As expected, both patients with
ERBB2 amplifications in CGP showed HER2 3+ expression.

3.3. Exemplatory Case Reviews of Patients with ERBB2 Amplification in mCRC

To illustrate the opportunities and challenges of targeted therapy for ERBB2-positive
mCRC, we present two cases from our MTB.

First, we present the case of an elderly male patient who was diagnosed with syn-
chronous liver metastatic rectal adenocarcinoma in the summer of 2020. The primary tumor
was non-stenotic and located 5 cm ab ano. Of note, the patient’s BRAF and RAS genes
were wild type. Initial treatment started with a palliative first-line systemic regimen of
FOLFOX (5-fluorouracil, folinic acid, and oxaliplatin) and the epidermal growth factor
receptor (EGF-R)-targeting mAb panitumumab. However, a computed tomography (CT)
scan after three months of treatment showed progression of liver metastases, although the
primary tumor remained stable.

The patient was switched to second-line therapy with 75% FOLFIRI (5-fluorouracil,
folinic acid, and irinotecan) and bevacizumab for 3 months. Treatment was continued for
an additional 3 months despite the mild enlargement of a single liver metastasis due to
decreasing carcinoembryonic antigen (CEA) levels and an otherwise stable disease. An
interim staging CT showed disease progression with the growth of liver metastases and
increased CEA levels. As a result, the patient was started on a further palliative course of
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FOLFIRI and the vascular endothelial growth factor (VEGF)-inhibitor aflibercept, and a
liver biopsy was initiated to obtain material for CGP, which was performed afterwards. The
patient received four cycles of this regimen, after which his general condition made further
tumor therapy impossible. In the late summer of 2021, he was admitted to an emergency
hospital due to a deteriorating general condition and dyspnea. He was diagnosed with
severe hyponatremia, pulmonary embolism with right heart strain and elevated infectious
parameters, and bilirubinemia, the latter probably caused by cholangitis. CT scans showed
extensive liver metastases, new pulmonary metastases, and compression of the vena cava,
while the primary tumor remained unchanged. Regrettably, the patient passed away,
succumbing to the cancer and its complications. The liver biopsy was posthumously
analyzed using CGP. Remarkably, this analysis revealed an ERBB2-activating mutation.
Although the patient was no longer alive, the formal MTB treatment recommendation
based on this finding was T-DXd.

The second patient presented from our MTB is an elderly woman who was diagnosed
with invasive rectal adenocarcinoma, hepatic and pulmonary metastases, and a metastatic
ovarian mass in summer 2021. Following initial management, including a laparoscopic
double-barreled descendostomy, she was started on first-line palliative systemic chemother-
apy with FOLFIRI and panitumumab. After initial progression under this therapy, it was
escalated to FOLFOXIRI + panitumumab, with oxaliplatin added. A significant response
led to a bisegmentectomy of the metastasized liver segments II and III 12 months later.
Unfortunately, the tumor progressed again during bridging chemotherapy.

Due to oxaliplatin intolerance that developed over time, the patient started receiving
FOLFIRI + cisplatin + panitumumab again. However, this therapy had to be discontinued
because of a persistent intolerance to chemotherapy. Four weeks later, the patient presented
to the emergency department with brachiofacial paresis, and a right frontal metastasis was
found and surgically removed. An epileptic seizure after the surgery 2 months later led to
suspicion of carcinomatous meningitis based on cranial magnet resonance imaging.

A CGP using a NGS panel tailored for gastroenterological malignancies was performed
in July 2022, but no actionable mutation was found. Hence, a repeat analysis using a larger
TSO500 panel, including ERBB2 amplifications, was performed. This revealed a 19.4-
fold amplified ERBB2 gene, leading to an application for off-label therapy with T-DXd
(intravenous application of 6.4 mg/kg bodyweight every three weeks), as per the DESTINY-
CRC-01 trial.

This therapy was initiated at the end of 2022, after the patient’s clinical recovery. After
three months of therapy, a CT staging revealed a significant objective tumor response with
size-reducing pulmonary and hepatic metastases (partial remission; Figure 3a). Serum
tumor markers carbohydrate antigen (CA) 19-9 and CEA were also significantly reduced
(Figure 3b). The objective tumor response was accompanied by a significant increase in
quality of life and an increased performance status from ECOG 2 to 0. In parallel, the
patient did not suffer from any severe therapy-related complications.
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B2 (ERBB2) amplified rectal cancer (a): Figure 3a Initial computed tomography scans of the liver and
lungs before treatment (A) and after four cycles of trastuzumab-deruxtecan (T-DXd) in early 2023 (B).
The metastases (indicated by yellow arrows) in the lung and liver show significant regression (b):
Development of serum tumor markers carbohydrate antigen (CA) 19-9 and carcinoembryonic antigen
(CEA), beginning with initial diagnosis. * Indicates the initiation of chemotherapy + panitumumab,
** indicates the initiation of T-DXd-treatment. Measurement of CA19-9 is limited to 12,000 kU/L
because of technical limitations.

4. Discussion

Our study demonstrates that molecular profiling with NGS can uncover actionable
ERBB2 alterations and amplifications in mCRC patients. We identified ERBB2 alterations
in 4% of patients, in line with previous research suggesting an occurrence of 3–5% in
mCRC [5,6,21,22]. Furthermore, we observed a promising response in a patient treated
with T-DXd, an ERBB2-targeted therapy, underscoring the value of targeted therapies in
improving patient outcomes.

A critical issue we encountered in this study was the late presentation of mCRC pa-
tients to the MTB. The late arrival of cases can be attributed to the non-routine use of com-
prehensive genomic profiling in the CGP prior to 2019 and the preponderance of patients
undergoing advanced chemotherapy regimens without more guideline-recommended
options. Therefore, implementing earlier molecular profiling could significantly impact
the management of these patients, enabling the initiation of targeted therapies in a timelier
manner. Hence, promoting routine CGP immediately following the initial diagnosis of
mCRC may encounter financial obstacles due to limitations in insurance coverage. This
might also drive preference towards treatments sanctioned by established guidelines, as
they are more likely to be covered by insurance in many countries, despite the potential
advantages that personalized therapies enabled by CGP might offer [23–26]. Although a
compact NGS panel, which tests for key alterations, has become standard of care in certain
entities, such as non-resectable non-small cell lung cancer (NSCLC), initial molecular test-
ing in mCRC is typically restricted to RAS, BRAF, and MSI status, despite some recently
released guidelines recommending ERBB2 testing [27,28]. Interestingly, a cost analysis for
NSCLC found that the expenses associated with testing alterations in nine relevant genes
through NGS-based CGP were lower compared to conventional sequential PCR tests [29].

As recent studies in HER2low (HER2 score 1+ or 2+) breast cancer suggest, combined
detection of ERBB2 by FISH and NGS can be used for subtyping tumors with ERBB2
alterations or amplifications [30,31]. Although there are no data on the direct clinical impact
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of this association, tumors with an inconclusive amplification copy number of ERBB2
may represent an interesting target for novel ERBB2-targeted therapies. These patients
could be found earlier using an approach of initial FISH for ERBB2, followed by early
NGS in cases of (even low) ERBB2 expression, and conversely, patients with inconclusive
ERBB2 copy numbers on NGS analysis could benefit from subsequent FISH analysis. As
these studies focus on breast cancer, further investigation of the mutational landscape of
HER2low mCRCs with a focus on upstream regulators of ERBB2 is needed.

As T-DXd is not approved by the US Food and Drug Administration (FDA) or the
European Medicines Agency (EMA) for the treatment of mCRC yet, the patients described
here were treated off-label. If the promising results of the DESTINY-CRC01 trial are con-
firmed, approval may be possible following the results of the phase 2 DESTINY-CRC02
trial [14,32]. The combination of tucatinib and trastuzumab for mCRC was recently ap-
proved by the FDA. While the good initial response to ERBB2-targeted therapies in mCRC
faded in some cases after a few months, a sequence of different ERBB2-targeted regimens
and conventional chemotherapy could lead to prolonged overall survival in ERBB2-positive
mCRC patients.

While this study predominantly focuses on mCRC, adjuvant or neoadjuvant treatments
with trastuzumab alone or in combination with pertuzumab are established for surgically
resectable breast cancer [33–35]. An ongoing clinical trial is currently evaluating the role of T-
DXd as adjuvant therapy for early-stage ERBB2 low breast cancer [36]. Typically, resectable
CRCs do not undergo molecular alteration analysis. However, the groundbreaking trial by
Cercek and colleagues—where all MSI-positive rectal cancers treated with the anti-PD-1-
mAB dostarlimab resulted in complete remission—may challenge this dogma [37]. Despite
the side effects, particularly cardiovascular, associated with trastuzumab-based regimens,
limited neoadjuvant or adjuvant use of T-DXd may be a more tolerable option compared to
conventional platinum-based adjuvant cytotoxic chemotherapy. Consequently, conducting
trials with T-DXd in this patient group could potentially contribute to the prevention of
cancer recurrence and a higher quality of life.

While our results are encouraging for the early detection and treatment of patients
harboring genetic alterations of the ERBB2 gene, there are several limitations to this study,
including its retrospective nature. In addition, as a single-center study, our findings may
not be generalizable to other settings or populations. Another limitation of this study is
that only 44 of the 107 patients were analyzed with a panel that allows detection of ERBB2
amplification. A total of fifty-six tumors were sequenced for ERBB2 mutations only, and
seven tumors were not analyzed for ERBB2 at all. Moving forward, it is critical to integrate
more comprehensive CGP using NGS into the early routine diagnostic workflow for mCRC.
Expanding the application of NGS in clinical practice could enable the early identification
of actionable alterations, potentially leading to the timelier initiation of targeted therapies.

In conclusion, our study highlights the critical role of molecular profiling in mCRC
management, demonstrating the potential of ERBB2 as a target in a subset of mCRC patients
and the potential benefits of ERBB2-targeted therapies. These findings emphasize the need
to further exploit the potential of these promising treatments, which would necessitate
earlier and more comprehensive molecular profiling and the initiation of targeted therapies.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Author Contributions: Conceptualization, S.M.B., A.N., V.E., M.A. and A.K.; Data curation, S.M.B.
and N.N.; Formal analysis, S.M.B.; Funding acquisition, V.E. and A.K.; Investigation, S.M.B., U.K.,
J.R., B.S., C.A.-H., L.B. and M.A.; Resources, N.N., K.R.-J., F.B. and P.S.; Supervision, A.N., V.E., P.S.
and A.K.; Visualization, S.M.B. and L.B.; Writing—original draft, S.M.B.; Writing—review and editing,
All authors. All authors have read and agreed to the published version of the manuscript.

Funding: We acknowledge support by the Open Access Publication Funds of the Göttingen University.

https://www.mdpi.com/article/10.3390/jpm13121701/s1
https://www.mdpi.com/article/10.3390/jpm13121701/s1


J. Pers. Med. 2023, 13, 1701 10 of 11

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University Medical Center Göttingen
(protocol code 2/4/19, approved 20 May 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent to publish this paper has been obtained from the patients (or their
legal successors) we presented in more detail in Section 3.3.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request. The data are not publicly available
due to privacy issues.

Acknowledgments: We thank Ines Kolle for the excellent technical support and Rita Warthemann for
the coordination of the Center of Personalized Medicine—Oncology at the Comprehensive Cancer
Center of the University Medical Center Göttingen.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Wagle, N.S.; Cercek, A.; Smith, R.A.; Jemal, A. Colorectal Cancer Statistics. CA Cancer J. Clin. 2023, 73, 233–254.

[CrossRef] [PubMed]
2. Cremolini, C.; Loupakis, F.; Antoniotti, C.; Lupi, C.; Sensi, E.; Lonardi, S.; Mezi, S.; Tomasello, G.; Ronzoni, M.; Zaniboni, A.; et al.

FOLFOXIRI plus Bevacizumab versus FOLFIRI plus Bevacizumab as First-Line Treatment of Patients with Metastatic Colorectal
Cancer: Updated Overall Survival and Molecular Subgroup Analyses of the Open-Label, Phase 3 TRIBE Study. Lancet Oncol.
2015, 16, 1306–1315. [CrossRef] [PubMed]

3. Kopetz, S.; Grothey, A.; Yaeger, R.; Van Cutsem, E.; Desai, J.; Yoshino, T.; Wasan, H.; Ciardiello, F.; Loupakis, F.; Hong, Y.S.; et al.
Encorafenib, Binimetinib, and Cetuximab in BRAF V600E–Mutated Colorectal Cancer. N. Engl. J. Med. 2019, 381, 1632–1643.
[CrossRef] [PubMed]

4. André, T.; Shiu, K.-K.; Kim, T.W.; Jensen, B.V.; Jensen, L.H.; Punt, C.; Smith, D.; Garcia-Carbonero, R.; Benavides, M.; Gibbs,
P.; et al. Pembrolizumab in Microsatellite-Instability–High Advanced Colorectal Cancer. N. Engl. J. Med. 2020, 383, 2207–2218.
[CrossRef] [PubMed]

5. Siravegna, G.; Sartore-Bianchi, A.; Nagy, R.J.; Raghav, K.; Odegaard, J.I.; Lanman, R.B.; Trusolino, L.; Marsoni, S.; Siena, S.;
Bardelli, A. Plasma HER2 (ERBB2) Copy Number Predicts Response to HER2-Targeted Therapy in Metastatic Colorectal Cancer.
Clin. Cancer Res. 2019, 25, 3046–3053. [CrossRef] [PubMed]

6. Richman, S.D.; Southward, K.; Chambers, P.; Cross, D.; Barrett, J.; Hemmings, G.; Taylor, M.; Wood, H.; Hutchins, G.; Foster, J.M.;
et al. HER2 Overexpression and Amplification as a Potential Therapeutic Target in Colorectal Cancer: Analysis of 3256 Patients
Enrolled in the QUASAR, FOCUS and PICCOLO Colorectal Cancer Trials. J. Pathol. 2016, 238, 562–570. [CrossRef] [PubMed]

7. Moasser, M.M. The Oncogene HER2: Its Signaling and Transforming Functions and Its Role in Human Cancer Pathogenesis.
Oncogene 2007, 26, 6469–6487. [CrossRef]

8. Kavuri, S.M.; Jain, N.; Galimi, F.; Cottino, F.; Leto, S.M.; Migliardi, G.; Searleman, A.C.; Shen, W.; Monsey, J.; Trusolino, L.; et al.
HER2 Activating Mutations Are Targets for Colorectal Cancer Treatment. Cancer Discov. 2015, 5, 832–841. [CrossRef]

9. Valtorta, E.; Martino, C.; Sartore-Bianchi, A.; Penaullt-Llorca, F.; Viale, G.; Risio, M.; Rugge, M.; Grigioni, W.; Bencardino, K.;
Lonardi, S.; et al. Assessment of a HER2 Scoring System for Colorectal Cancer: Results from a Validation Study. Mod. Pathol. 2015,
28, 1481–1491. [CrossRef]

10. Oh, D.-Y.; Bang, Y.-J. HER2-Targeted Therapies—A Role beyond Breast Cancer. Nat. Rev. Clin. Oncol. 2020, 17, 33–48. [CrossRef]
11. Malone, E.R.; Oliva, M.; Sabatini, P.J.B.; Stockley, T.L.; Siu, L.L. Molecular Profiling for Precision Cancer Therapies. Genome Med.

2020, 12, 8. [CrossRef] [PubMed]
12. Fujii, S.; Magliocco, A.M.; Kim, J.; Okamoto, W.; Kim, J.E.; Sawada, K.; Nakamura, Y.; Kopetz, S.; Park, W.-Y.; Tsuchihara, K.; et al.

International Harmonization of Provisional Diagnostic Criteria for ERBB2-Amplified Metastatic Colorectal Cancer Allowing for
Screening by Next-Generation Sequencing Panel. JCO Precis. Oncol. 2020, 4, 6–19. [CrossRef] [PubMed]

13. Cenaj, O.; Ligon, A.H.; Hornick, J.L.; Sholl, L.M. Detection of ERBB2 Amplification by Next-Generation Sequencing Predicts
HER2 Expression in Colorectal Carcinoma. Am. J. Clin. Pathol. 2019, 152, 97–108. [CrossRef] [PubMed]

14. Siena, S.; Bartolomeo, M.D.; Raghav, K.; Masuishi, T.; Loupakis, F.; Kawakami, H.; Yamaguchi, K.; Nishina, T.; Fakih, M.; Elez, E.;
et al. Trastuzumab Deruxtecan (DS-8201) in Patients with HER2-Expressing Metastatic Colorectal Cancer (DESTINY-CRC01): A
Multicentre, Open-Label, Phase 2 Trial. Lancet Oncol. 2021, 22, 779–789. [CrossRef] [PubMed]

15. Sartore-Bianchi, A.; Trusolino, L.; Martino, C.; Bencardino, K.; Lonardi, S.; Bergamo, F.; Zagonel, V.; Leone, F.; Depetris, I.;
Martinelli, E.; et al. Dual-Targeted Therapy with Trastuzumab and Lapatinib in Treatment-Refractory, KRAS Codon 12/13
Wild-Type, HER2-Positive Metastatic Colorectal Cancer (HERACLES): A Proof-of-Concept, Multicentre, Open-Label, Phase 2
Trial. Lancet Oncol. 2016, 17, 738–746. [CrossRef] [PubMed]

https://doi.org/10.3322/caac.21772
https://www.ncbi.nlm.nih.gov/pubmed/36856579
https://doi.org/10.1016/S1470-2045(15)00122-9
https://www.ncbi.nlm.nih.gov/pubmed/26338525
https://doi.org/10.1056/NEJMoa1908075
https://www.ncbi.nlm.nih.gov/pubmed/31566309
https://doi.org/10.1056/NEJMoa2017699
https://www.ncbi.nlm.nih.gov/pubmed/33264544
https://doi.org/10.1158/1078-0432.CCR-18-3389
https://www.ncbi.nlm.nih.gov/pubmed/30808777
https://doi.org/10.1002/path.4679
https://www.ncbi.nlm.nih.gov/pubmed/26690310
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.1158/2159-8290.CD-14-1211
https://doi.org/10.1038/modpathol.2015.98
https://doi.org/10.1038/s41571-019-0268-3
https://doi.org/10.1186/s13073-019-0703-1
https://www.ncbi.nlm.nih.gov/pubmed/31937368
https://doi.org/10.1200/PO.19.00154
https://www.ncbi.nlm.nih.gov/pubmed/35050726
https://doi.org/10.1093/ajcp/aqz031
https://www.ncbi.nlm.nih.gov/pubmed/31115453
https://doi.org/10.1016/S1470-2045(21)00086-3
https://www.ncbi.nlm.nih.gov/pubmed/33961795
https://doi.org/10.1016/S1470-2045(16)00150-9
https://www.ncbi.nlm.nih.gov/pubmed/27108243


J. Pers. Med. 2023, 13, 1701 11 of 11

16. Strickler, J.H.; Ng, K.; Cercek, A.; Fountzilas, C.; Sanchez, F.A.; Hubbard, J.M.; Wu, C.; Siena, S.; Tabernero, J.; Van Cutsem, E.; et al.
MOUNTAINEER:Open-Label, Phase II Study of Tucatinib Combined with Trastuzumab for HER2-Positive Metastatic Colorectal
Cancer (SGNTUC-017, Trial in Progress). J. Clin. Oncol. 2021, 39, TPS153. [CrossRef]

17. Meric-Bernstam, F.; Hurwitz, H.; Raghav, K.P.S.; McWilliams, R.R.; Fakih, M.; VanderWalde, A.; Swanton, C.; Kurzrock, R.;
Burris, H.; Sweeney, C.; et al. Pertuzumab plus Trastuzumab for HER2-Amplified Metastatic Colorectal Cancer (MyPathway): An
Updated Report from a Multicentre, Open-Label, Phase 2a, Multiple Basket Study. Lancet Oncol. 2019, 20, 518–530. [CrossRef]

18. Liu, F.; Ren, C.; Jin, Y.; Xi, S.; He, C.; Wang, F.; Wang, Z.; Xu, R.; Wang, F. Assessment of Two Different HER2 Scoring Systems and
Clinical Relevance for Colorectal Cancer. Virchows Arch. 2020, 476, 391–398. [CrossRef]

19. Li, B.T.; Smit, E.F.; Goto, Y.; Nakagawa, K.; Udagawa, H.; Mazières, J.; Nagasaka, M.; Bazhenova, L.; Saltos, A.N.; Felip, E.; et al.
Trastuzumab Deruxtecan in HER2-Mutant Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2022, 386, 241–251. [CrossRef]

20. Landrum, M.J.; Lee, J.M.; Benson, M.; Brown, G.R.; Chao, C.; Chitipiralla, S.; Gu, B.; Hart, J.; Hoffman, D.; Jang, W.; et al. ClinVar:
Improving Access to Variant Interpretations and Supporting Evidence. Nucleic Acids Res. 2018, 46, D1062–D1067. [CrossRef]

21. Strickler, J.H.; Yoshino, T.; Graham, R.P.; Siena, S.; Bekaii-Saab, T. Diagnosis and Treatment of ERBB2-Positive Metastatic Colorectal
Cancer: A Review. JAMA Oncol. 2022, 8, 760–769. [CrossRef] [PubMed]

22. Yaeger, R.; Chatila, W.K.; Lipsyc, M.D.; Hechtman, J.F.; Cercek, A.; Sanchez-Vega, F.; Jayakumaran, G.; Middha, S.; Zehir, A.;
Donoghue, M.T.A.; et al. Clinical Sequencing Defines the Genomic Landscape of Metastatic Colorectal Cancer. Cancer Cell 2018,
33, 125–136.e3. [CrossRef] [PubMed]

23. Verbaanderd, C.; Rooman, I.; Meheus, L.; Huys, I. On-Label or Off-Label? Overcoming Regulatory and Financial Barriers to Bring
Repurposed Medicines to Cancer Patients. Front. Pharmacol. 2020, 10, 1664. [CrossRef] [PubMed]

24. Luchini, C.; Lawlor, R.T.; Milella, M.; Scarpa, A. Molecular Tumor Boards in Clinical Practice. Trends Cancer 2020, 6, 738–744.
[CrossRef] [PubMed]

25. Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.B.; Barlesi, F.; Lolkema, M.P.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-
Bernstam, F.; et al. Recommendations for the Use of Next-Generation Sequencing (NGS) for Patients with Metastatic Cancers: A
Report from the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. [CrossRef] [PubMed]

26. Ebi, H.; Bando, H. Precision Oncology and the Universal Health Coverage System in Japan. JCO Precis. Oncol. 2019, 3, 1–12.
[CrossRef] [PubMed]

27. Cervantes, A.; Adam, R.; Roselló, S.; Arnold, D.; Normanno, N.; Taïeb, J.; Seligmann, J.; Baere, T.D.; Osterlund, P.; Yoshino, T.;
et al. Metastatic Colorectal Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2023,
34, 10–32. [CrossRef]

28. Morris, V.K.; Kennedy, E.B.; Baxter, N.N.; Benson, A.B.; Cercek, A.; Cho, M.; Ciombor, K.K.; Cremolini, C.; Davis, A.; Deming,
D.A.; et al. Treatment of Metastatic Colorectal Cancer: ASCO Guideline. J. Clin. Oncol. 2023, 41, 678–700. [CrossRef]

29. Vanderpoel, J.; Stevens, A.L.; Emond, B.; Lafeuille, M.-H.; Hilts, A.; Lefebvre, P.; Morrison, L. Total Cost of Testing for Genomic
Alterations Associated with Next-Generation Sequencing versus Polymerase Chain Reaction Testing Strategies among Patients
with Metastatic Non-Small Cell Lung Cancer. J. Med. Econ. 2022, 25, 457–468. [CrossRef]

30. Berrino, E.; Annaratone, L.; Bellomo, S.E.; Ferrero, G.; Gagliardi, A.; Bragoni, A.; Grassini, D.; Guarrera, S.; Parlato, C.; Casorzo,
L.; et al. Integrative Genomic and Transcriptomic Analyses Illuminate the Ontology of HER2-Low Breast Carcinomas. Genome
Med. 2022, 14, 98. [CrossRef]

31. Li, Y.; Tsang, J.Y.; Tam, F.; Loong, T.; Tse, G.M. Comprehensive Characterization of HER2-Low Breast Cancers: Implications in
Prognosis and Treatment. eBioMedicine 2023, 91, 104571. [CrossRef]

32. Daiichi Sankyo, Inc. A Phase 2, Multicenter, Randomized, Study of Trastuzumab Deruxtecan in Participants with HER2-Overexpressing
Locally Advanced, Unresectable or Metastatic Colorectal Cancer (DESTINY-CRC02); Daiichi Sankyo, Inc.: Tokyo, Japan, 2023.

33. Gianni, L.; Eiermann, W.; Semiglazov, V.; Lluch, A.; Tjulandin, S.; Zambetti, M.; Moliterni, A.; Vazquez, F.; Byakhov, M.J.;
Lichinitser, M.; et al. Neoadjuvant and Adjuvant Trastuzumab in Patients with HER2-Positive Locally Advanced Breast Cancer
(NOAH): Follow-up of a Randomised Controlled Superiority Trial with a Parallel HER2-Negative Cohort. Lancet Oncol. 2014, 15,
640–647. [CrossRef]

34. Slamon, D.; Eiermann, W.; Robert, N.; Pienkowski, T.; Martin, M.; Press, M.; Mackey, J.; Glaspy, J.; Chan, A.; Pawlicki, M.; et al.
Adjuvant Trastuzumab in HER2-Positive Breast Cancer. N. Engl. J. Med. 2011, 365, 1273–1283. [CrossRef]

35. von Minckwitz, G.; Procter, M.; de Azambuja, E.; Zardavas, D.; Benyunes, M.; Viale, G.; Suter, T.; Arahmani, A.; Rouchet, N.;
Clark, E.; et al. Adjuvant Pertuzumab and Trastuzumab in Early HER2-Positive Breast Cancer. N. Engl. J. Med. 2017, 377, 122–131.
[CrossRef]

36. Jonsson Comprehensive Cancer Center. A Phase II, Multicenter, Open-Label Trial to Evaluate the Safety and Efficacy of Trastuzumab
Deruxtecan (DS-8201a) with or without Anastrozole for HER2 Low Hormone Receptor Positive (HR+) Breast Cancer in the Neoadjuvant
Setting; Jonsson Comprehensive Cancer Center: Los Angeles, CA, USA, 2022.

37. Cercek, A.; Lumish, M.; Sinopoli, J.; Weiss, J.; Shia, J.; Lamendola-Essel, M.; El Dika, I.H.; Segal, N.; Shcherba, M.; Sugarman, R.; et al.
PD-1 Blockade in Mismatch Repair–Deficient, Locally Advanced Rectal Cancer. N. Engl. J. Med. 2022, 386, 2363–2376. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1200/JCO.2021.39.3_suppl.TPS153
https://doi.org/10.1016/S1470-2045(18)30904-5
https://doi.org/10.1007/s00428-019-02668-9
https://doi.org/10.1056/NEJMoa2112431
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1001/jamaoncol.2021.8196
https://www.ncbi.nlm.nih.gov/pubmed/35238866
https://doi.org/10.1016/j.ccell.2017.12.004
https://www.ncbi.nlm.nih.gov/pubmed/29316426
https://doi.org/10.3389/fphar.2019.01664
https://www.ncbi.nlm.nih.gov/pubmed/32076405
https://doi.org/10.1016/j.trecan.2020.05.008
https://www.ncbi.nlm.nih.gov/pubmed/32517959
https://doi.org/10.1016/j.annonc.2020.07.014
https://www.ncbi.nlm.nih.gov/pubmed/32853681
https://doi.org/10.1200/PO.19.00291
https://www.ncbi.nlm.nih.gov/pubmed/32923862
https://doi.org/10.1016/j.annonc.2022.10.003
https://doi.org/10.1200/JCO.22.01690
https://doi.org/10.1080/13696998.2022.2053403
https://doi.org/10.1186/s13073-022-01104-z
https://doi.org/10.1016/j.ebiom.2023.104571
https://doi.org/10.1016/S1470-2045(14)70080-4
https://doi.org/10.1056/NEJMoa0910383
https://doi.org/10.1056/NEJMoa1703643
https://doi.org/10.1056/NEJMoa2201445

