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Human epidermal growth factor receptor 2 (HER2) is a significant component of
the epidermal growth factor receptor family. Its overexpression, gene amplification, or
activating mutations play a crucial role in the occurrence and progression of various
malignant tumors and often indicate poor prognosis. HER2 has become a key target for
precision oncology due to the development of molecular targeted therapy. Numerous clinical
studies have shown that tyrosine kinase inhibitors, monoclonal antibodies and antibody-drug
conjugates targeting HER2 can significantly improve patient prognosis and prolong overall
survival in tumors, including gastric cancer and breast cancer. However, challenges remain
in treatment, such as drug resistance and individual variability in efficacy. This article
systematically reviews the biological role of HER2 in tumors and the latest research
progress in its targeted therapy, and explores its application prospects in precision medicine,
aiming to provide a theoretical basis for optimizing clinical treatment strategies.
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With the advancement of precision medicine and molecular biology, tumor research has gradually
shifted from traditional morphological analysis to molecular mechanism research. Human epidermal
growth factor receptor 2 (HER2), a critical member of the epidermal growth factor receptor (EGFR)
family, belongs to the transmembrane glycoprotein receptor with tyrosine kinase activity. Through
the activation of several signaling pathways, including PI3K/AKT and MAPK, HER2 can take part
in biological processes such cell proliferation, differentiation, migration, and apoptosis [1, 2]. When
HER2 undergoes gene amplification, protein overexpression or activating mutation, it can lead to
abnormal cell proliferation and malignant transformation, thereby promoting the occurrence and
development of tumors [2]. Therefore, HER2 has become an important target in tumor molecular
biology research and precision treatment. Studies have shown that HER2 abnormalities are widely
present in a variety of solid tumors and are closely related to increased tumor invasiveness,
increased risk of metastasis and poor patient prognosis [2, 3]. In breast cancer, HER2 overexpression
accounts for about 15% to 20%, which usually indicates a high degree of malignancy and recurrence
risk [3]. HER2 abnormality is also closely related to tumor progression in gastric cancer and
gastroesophageal junction cancer. Besides, HER2 abnormality has been found in various tumors like
colorectal cancer, non-small cell lung cancer, biliary tract cancer and bladder cancer, and its
tumorigenic role has gradually attracted attention. The occurrence of HER2 abnormality varies in
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different tumors, including gene amplification, protein overexpression and somatic mutation, etc.
These differences not only affect the biological behavior of tumors, but are also closely related to
clinical treatment response. Currently, abnormal activation and drug resistance mechanisms of
HER2-related signaling pathways have emerged as a critical research direction in precision
oncology.

Based on this, this article reviews the research progress, drug resistance mechanisms and clinical
application prospects of HER2-targeted therapy. It focuses on the biological characteristics and
molecular mechanism of HER2 in tumors, providing theoretical reference for the precision treatment
of HER2-related tumors.

2. Structure and biological function of HER2

HER2, a transmembrane receptor tyrosine kinase, is crucial in signal transmission and cell
proliferation. HER2 is mainly composed of a transmembrane domain, an extracellular domain and
an intracellular tyrosine kinase domain. The extracellular domain is involved in receptor recognition
and dimerization, while the intracellular kinase domain is responsible for signal transduction [1].
Although HER?2 lacks a specific ligand, it has a strong dimerization ability, especially with HER1
and HER3 to form heterodimers, thereby activating classical signaling pathways, including
PI3K/Akt/mTOR and MAPK, and participating in the regulation of biological processes, which is of
great significance for maintaining normal tissue homeostasis [1, 2]. Under normal conditions, HER2
signaling is strictly regulated; however, when the ERBB2 gene is amplified, HER2 protein is
overexpressed, or activating mutations occur, HER2 signaling can be continuously and abnormally
activated, thereby enhancing cell proliferation, invasion, and metastasis, and promoting tumor
development. Research has found that HER2 abnormalities are widely present in various solid
tumors; they are also associated with treatment resistance, tumor invasiveness and poor prognosis
[2, 3]. Therefore, HER2 is a vital driving factor for various tumors and a key biomarker in clinical
subtyping, prognostic assessment, and precision treatment.

3. Clinical significance of HER2 and advances in targeted therapy
3.1. Clinical progress of HER2 in breast cancer

In breast cancer, approximately 15%—20% of patients have HER2 overexpression or ERBB2 gene
amplification. This subtype typically exhibits greater invasiveness, a poorer prognosis and a higher
risk of recurrence [3]. HER2 abnormalities can facilitate tumor cell proliferation, invasion, survival
and metastasis by continuously triggering classic signaling pathways like PI3K/Akt/mTOR and
MAPK [2]. In addition to HER2 amplification, some HER2 activating mutations can also drive
continuous HER?2 signal activation, potentially promoting tumor progression and distant metastasis
even if HER2 is negative in immunohistochemical tests. Studies have shown that about 20% of all
cases of breast cancer are HER2-positive and has a high degree of malignancy. However, patient
prognosis has significantly promoted as HER2-targeted therapy develops [4]. Currently, the clinical
treatment of HER2-positive breast cancer has formed a comprehensive treatment model centered on
HER2-targeted therapy. Commonly used drugs include tyrosine kinase inhibitor neratinib,
monoclonal antibodies trastuzumab and pertuzumab, etc. Trastuzumab mainly exerts its anti-tumor
effect by preventing downstream signaling pathways, inhibiting HER2 receptor dimerization and
mediating antibody-dependent cytotoxicity (ADCC) [5]. Pertuzumab can further inhibit the
formation of HER2/HER3 heterodimers, thereby enhancing the HER2 blocking effect [6]. Novel
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antibody-drug conjugates represented by T-DXd have shown strong anti-tumor action in both
HER2-positive and HER2-low-expressing breast cancer. They deliver highly effective cytotoxic
drugs through HER2 targeting and have a "bystander effect," which can further improve the
treatment effect. Related studies have shown that T-DXd is substantially more effective than T-DM1
in treating advanced HER2-positive breast cancer. It is gradually becoming an important treatment
option for HER2-positive advanced breast cancer [7]. Although HER2-targeted therapy has
significantly improved the survival outcome of patients with HER2-positive breast cancer, primary
and acquired resistance remains the main challenge in current treatment. Studies have found that
alterations in HER2 structure, abnormal activation of the PI3K signaling route, loss of HER2
expression, activation of bypass signals, and changes in the tumor microenvironment can all lead to
drug resistance [4]. In addition, the HER2 mutation spectrum is complex, and different mutation
types have different drug sensitivities, which further increases the difficulty of individualized
treatment. Therefore, in-depth research on HER2 drug resistance mechanisms and the development
of novel multi-target or bispecific HER2-targeting drugs have become an important research
direction for the precision treatment.

About 20% of gastric cancer cases have HER2 abnormalities; intestinal type gastric cancer is more
common than diffuse type, and gastroesophageal junction cancer has a higher HER2 positive rate
than regular gastric cancer. HER2 positive gastric cancer has strong biological heterogeneity, and its
HER2 expression pattern is different from that of breast cancer, often showing incomplete
basolateral membrane staining. The ToGA study conducted a phase III clinical trial of trastuzumab
integrated with chemotherapy for HER2 positive advanced gastroesophageal junction cancer and
gastric cancer. The results showed that the median overall survival of patients increased from 11.1
months to 13.8 months. Trastuzumab plus chemotherapy is now the first-line standard treatment for
HER2-positive gastric cancer due to the notable improvements in progression-free survival and
objective response rate [8]. Trastuzumab primarily works against tumors by inducing ADCC,
blocking downstream signaling pathways like PI3K/AKT, and preventing HER2 receptor
dimerization. However, the efficacy of some HER2-targeting drugs such as lapatinib and T-DM1 in
gastric cancer is limited, suggesting that gastric cancer has high HER2 heterogeneity and is prone to
acquired resistance. For patients with gastric cancer who are HER2 IHC 3+ or IHC 2+ and
ISH/FISH positive, trastuzumab with chemotherapy is currently the primary treatment
recommendation.

Biliary tract cancer includes various types such as gallbladder cancer, bile duct cancer and
ampullary cancer, and is a highly heterogeneous malignant tumor. Studies have shown that about 5%
to 15% of biliary tract cancer patients have ERBB2 gene amplification, with gallbladder cancer
having a relatively higher HER2 positivity rate. Preclinical studies have found that HER2-targeted
drugs such as T-DM1, trastuzumab, pertuzumab can inhibit the growth of HER2-positive biliary
tract cancer cells. In patients with HER2-positive advanced biliary tract cancer, the MyPathway
study also reveals that ome patients achieved sustained disease control, suggesting that HER2-
targeted therapy has potential application value in biliary tract cancer [8]. Studies have confirmed
that dual HER2 blockade can inhibit tumor progression by inhibiting HER2/HER3 dimerization and
blocking downstream signal transduction. Although HER2-targeted therapy is a crucial area of
research for the precise treatment of HER2-abnormal biliary tract cancer, it is still not a conventional
treatment.
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The incidence of HER2 overexpression and ERBB2 gene amplification in colorectal cancer is
about 5%, and some patients also have HER2 activating mutations. HER2 abnormalities can not
only promote the proliferation of colorectal cancer cells, but are also closely related to resistance to
EGFR-targeted therapy. Studies have found that HER2 mutations can continuously activate
signaling pathways such as MAPK, declining the sensitivity of tumor cells to EGFR inhibitors such
as cetuximab, thereby affecting the prognosis of patients. The HERACLES study's findings
demonstrated that HER2 is a crucial therapeutic target for colorectal cancer, with an objective
response rate of 30%, a disease control rate of 74%, and a median progression-free survival of 5.2
months [9]. The study holds that trastuzumab combined with lapatinib mainly reduces the
continuous proliferation of tumor cells and reverses EGFR-targeted therapy resistance by inhibiting
the HER2-mediated PI3K/AKT and MAPK signaling pathways. Currently, HER2-targeted therapy
is mainly suitable for patients with HER2-positive, RAS/BRAF wild-type metastatic colorectal
cancer who have failed standard treatment.

HER2 abnormalities are widely present in various solid tumors, including biliary tract cancer,
colorectal cancer, non-small cell lung cancer, ovarian cancer and bladder cancer. Among them,
HER2 mutations are of great significance in non-small cell lung cancer (NSCLC), especially
ERBB?2 exon 20 insertion mutations, which can lead to continuous activation of the HER2 receptor
and drive tumor development and progression [10]. In NSCLC, HER2 overexpression, gene
amplification, and ERBB2 mutations can all occur, with HER2 mutations mainly seen in lung
adenocarcinoma. By triggering signaling pathways including PI3K/Akt and MAPK, HER2
alterations can encourage the growth and spread of tumor cells. In recent years, new HER2-targeted
drugs have made great progress, and small molecule tyrosine kinase inhibitors have exhibited good
efficacy in HER2-mutant NSCLC. The phase I study of T-DXd treatment for HER2-mutant NSCLC
conducted by Li et al. showed that the median progression-free survival was 14.1 months, and the
objective response rate reached 72.7%, suggesting that T-DXd has strong anti-tumor activity [10].
Currently, HER2-targeted therapy is mainly applicable to patients with advanced NSCLC who have
ERBB2 mutations, especially exon 20 insertion mutations.

HER2 abnormalities are also common in bladder cancer, with an overexpression rate of over
10%, and are linked with increased tumor invasiveness and poor prognosis. HER2 abnormalities can
improve the invasion, proliferation,and metastasis of bladder cancer cells. A phase II study found
that when trastuzumab was related to carboplatin, gemcitabine, and paclitaxel to treat patients with
metastatic bladder cancer or HER2-positive locally advanced, the objective response rate reached
70%, and the median overall survival was 14.1 months, suggesting that HER2 may become an
important therapeutic target for bladder cancer [11]. Although there is no unified standard for HER2-
targeted therapy in bladder cancer, patients with HER2 overexpression are increasingly being
studied for precision treatment.

Overall, HER2-targeted therapy is gradually expanding to various solid tumors. Studies have
shown that pan-HER tyrosine kinase inhibitors such as neratinib and new-generation antibody-drug
conjugates have shown certain anti-tumor activity in various HER2-mutant tumors. However, due to
the complex HER2 mutation profile and significant tumor heterogeneity, there are still large
differences in treatment response among different patients. Further improvements to the HER2
molecular subtyping system and combination therapy strategies are needed in the future.
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4. Conclusion

The development and spread of many malignant cancers are significantly influenced by HER2. Its
abnormal forms, including gene amplification, protein overexpression and somatic mutations, can
promote survival, tumor cell proliferation, and invasion/metastasis by activating signaling routes
such as MAPK and PI3K/Akt/mTOR. Furthermore, the types and distribution of HER2
abnormalities vary significantly among different tumors, leading to strong heterogeneity in their
biological behavior and treatment response. HER2-targeted therapy has gradually evolved from
single-antibody therapy to a multi-strategy combination approach, achieving good efficacy in
various solid tumors. Among these, novel antibody-drug conjugates have demonstrated strong anti-
tumor activity. However, the treatment of HER2-related tumors still faces challenges such as
complex mutation profiles, individual differences in treatment response, and acquired resistance.
The mechanisms involved include bypass signaling activation, receptor structural alterations, and
tumor microenvironment regulation. Future research should further combine high-throughput
sequencing technology to improve the HER2 molecular typing system, explore HER2-related
signaling pathways and drug resistance mechanisms in depth, and develop novel multi-target or
bispecific drugs to improve the precision treatment of HER2-related tumors.
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