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ARTICLE INFO ABSTRACT

Keywords: Pulmonary mucinous adenocarcinoma (PMA), a distinct subtype of non-small cell lung cancer
Pulmonary mucinous adenocarcinoma (NSCLQ), is characterized by an abundance of mucin-producing cells. Although this subtype
NSCLC

comprises a relatively small fraction of lung adenocarcinomas, PMA stands apart due to its unique
clinical, pathological, and molecular features. This review comprehensively discusses the path-
ophysiology and etiology, clinical features, diagnostic methods, treatment strategies, prognosis,
and future directions for PMA, drawing from relevant literature and existing studies. Advances in
PMA treatment includes surgical intervention, targeted therapy, immunotherapy, and adjuvant
therapy. Particularly, we discussed factors influencing the prognosis of PMAs, such as molecular
markers, pathological features, and the impact of the latest treatment advances on prognosis.
Moreover, we intended this review to be a comprehensive reference for diagnosing, treating, and
assessing the prognosis of PMA, providing valuable guidance for clinical practice.
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1. Introduction

Pulmonary mucinous adenocarcinoma (PMA) stands out as a distinctive subtype among lung adenocarcinomas, falling within the
broad category of non-small cell lung cancer (NSCLC) [1,2]. Characterized by the excessive production of mucin, a viscous, gel-like
substance crucial for pathological identification, PMA significantly differs from other lung adenocarcinomas [3,4]. Mucin abun-
dance serves as a diagnostic indicator and influences tumor biology, including invasiveness and metastatic potential. Additionally,
PMA exhibits unique molecular and genetic traits, most notably an increased prevalence of specific Kirsten rat sarcoma viral oncogene
homolog (KRAS) mutations [5]. These distinct features suggest that PMAs may diverge from other subtypes regarding clinical pre-
sentation, treatment response, and overall prognosis. Despite representing a smaller fraction of lung adenocarcinomas, the unique
clinical and molecular characteristics of PMAs underscore their significance in lung cancer research (see Fig. 1).

This review aimed to address key knowledge gaps in PMA, particularly in explaining the histological and molecular differences
from other lung adenocarcinoma subtypes, exploring clinical characteristics and prognostic factors, summarizing treatment advances,
and proposing future research directions to enhance understanding and treatment efficacy. By addressing these gaps, this review
furnished a comprehensive reference for diagnosing, treating, and prognostically assessing pulmonary mucinous adenocarcinoma,
guiding future research directions.
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1.1. Pathophysiology and etiology

Currently, adenocarcinoma is the most common histopathological type of lung cancer. In the 5th edition of the World Health
Organization (WHO) classification of thoracic tumors (2021 edition), invasive mucinous adenocarcinoma (IMA) underwent reclas-
sification and is acknowledged as a distinct histopathological type of lung adenocarcinoma (Table 1), rather than being categorized as
a pathological subtype of invasive adenocarcinoma variants [6]. The pathogenesis and biological mechanisms of PMA exhibit sig-
nificant differences from other lung cancer subtypes. The cellular and molecular mechanisms of PMA involve several key processes
(Table 2). (1) Regulation of mucin production and secretion: excessive production and secretion of mucin is a hallmark of PMA.
Compared to other lung cancer subtypes, mucinous adenocarcinoma cells may exhibit abnormalities in mucin production and

Fig. 1. 1a-b: Chest CT showed a thick-walled, lobulated, and spiculated cavity measuring about 26 x 21 mm in the posterior basal segment of the
left lower lobe. 1c: Pathological examination indicated mucinous adenocarcinoma cells budding on the alveolar surface and filling the alveolar
cavity with mucus. 2a-b: Chest CT revealed a small, patchy, lobulated mass approximately 15 x 10 mm in size in the posterior basal segment of the
left lower lobe. 2¢: Pathological analysis showed an acinar arrangement of goblet or tall columnar cells with mucus, with cancer cells at the base,
alongside a cross-section of a vessel and a bronchiole. 3a-b: Chest CT indicated a single, partially solid nodule about 13 mm in diameter with a
bronchial shadow in the posterior basal segment of the right lower lobe. 3c: Pathological examination revealed significant invasive growth of
cancerous tissue in an acinar structure, with columnar cancer cells having nuclei at the base and mucus-filled cytoplasm. 4a-b: Chest CT displayed a
solid, lobulated, and spiculated nodule approximately 38 mm in diameter in the dorsal segment of the right lower lobe, with multiple small bubbles
at the edge. 4c: Pathological examination showed tumor cell clusters within the normal alveolar spaces adjacent to the tumor (spread through
airspaces, STAS).



L. Ge et al. Heliyon 10 (2024) e28881

Table 1

2021 WHO classification of lung adenocarcinomas with ICD-O codes.
Adenocarcinomas ICD-O codes
Minimally invasive adenocarcinoma
Minimally invasive adenocarcinoma, nonmucinous 8256/3
Minimally invasive adenocarcinoma, mucinous 8257/3
Invasive nonmucinous adenocarcinoma
Lepidic adenocarcinoma 8250/3
Acinar adenocarcinoma 8551/3
Papillary adenocarcinoma 8260/3
Micropapillary adenocarcinoma 8265/3
Solid adenocarcinoma 8230/3
Invasive mucinous adenocarcinoma 8253/3
Mixed invasive mucinous and nonmucinous adenocarcinoma 8254/3
Colloid adenocarcinoma 8480/3
Fetal adenocarcinoma 8333/3
Enteric-type adenocarcinoma 8144/3

WHO, World Health Organization; ICD-O, International Classification of Diseases for Oncology.

secretion mechanisms. This may involve aberrant gene expression related to mucin production or dysregulation of signaling pathways,
leading to excessive accumulation and uncontrolled mucin secretion [7]. (2) Differential expression of molecular markers: PMA may
exhibit differences in the expression patterns of molecular markers compared to other lung cancer subtypes. For example, specific gene
mutations (such as KRAS) may be more common in PMA, whereas other lung cancer subtypes may have different mutation spectra [8].
The differential expression of these molecular markers may affect the biological behavior of tumor cells and their treatment responses.
(3) Changes in cell signaling pathways: unlike other lung cancer subtypes, the pathogenesis of PMA may involve aberrant activation or
inhibition of cell signaling pathways [9]. Changes in these pathways may affect the proliferation, invasion, and metastatic abilities of
tumor cells; thereby, influencing their pathological characteristics and clinical presentations. (4) Epithelial-to-mesenchymal transition
(EMT): in certain cases, cells of mucinous adenocarcinoma undergo EMT, a process where epithelial cells acquire mesenchymal traits,
contributing to increased invasiveness and metastatic capability [10,11]. (5) Influence of tumor microenvironment: excessive mucin
production in PMA may have specific effects on the tumor microenvironment, including altering intercellular communication,
affecting immune responses, and changing the physical properties [12,13]. These factors may present unique challenges and ad-
vantages in treating PMAs. Mucin overproduction in PMA may affect the functionality of T and B cells in the tumor microenvironment.
T-cell infiltration is closely related to tumor immune evasion and prognosis. The accumulation of mucin, potentially forming a physical
barrier, may be associated with immune evasion by hindering T-cell contact and killing of tumor cells [14]. Although the specific role
of B cells in PMA has not been fully elucidated, they may play a role in regulating immune responses within the tumor microenvi-
ronment. Furthermore, the expression changes of chemokines like CXCL12 in the tumor microenvironment may affect the recruitment
of immune cells and the behavior of tumor cells; thus, influencing the occurrence and progression of tumors and requiring further
research.

The etiology and risk factors of PMA align with those of other lung cancers, although research on this specific subtype is limited
because of its rarity. Smoking is the most significant risk factor for lung cancers, including PMA [15]. The risk increases with smoking
duration and intensity. Exposure to environmental toxins increases the risk of developing lung cancer, including radon gas, asbestos,
heavy metals like arsenic, and air pollution. Moreover, a genetic predisposition to lung cancer may exist. Individuals with a family
history of lung cancer [16] may be at increased risk. Preexisting lung conditions such as chronic obstructive pulmonary disease and
pulmonary fibrosis [17] are associated with a higher risk of lung cancer. Chronic inflammation and scarring of the lungs may

Table 2
Overview of pathophysiology.

Examples of molecular
pathways

Impact on tumor microenvironment and
cellular communication

Research area Key processes and features

Mucin production and
secretion

Molecular marker
expression

Cellular signaling
pathways

Epithelial-mesenchymal
transition (EMT)

Tumor
microenvironment

Pulmonary mucinous adenocarcinoma is characterized
by overproduction and secretion of mucin.

Pulmonary mucinous adenocarcinoma exhibits
different molecular marker expression patterns
compared to other lung cancer subtypes.

Abnormal activation or inhibition of cellular signaling
pathways in pulmonary mucinous adenocarcinoma
compared to other lung cancer subtypes.

Mucinous adenocarcinoma cells may undergo EMT,
enhancing invasion and metastatic capabilities.
Excessive mucin in mucinous adenocarcinoma may
specifically alter the tumor microenvironment.

Abnormal expression of
genes such as MUC5AC and
MUCSB.

High prevalence of KRAS
mutations.

EGFR and ALK gene
rearrangements.

Activation of the TGF-p
signaling pathway.

Changes in chemokines such
as CXCL12.

Accumulated mucin may hinder
intercellular signaling and immune cell
infiltration.

Affects tumor cell proliferation,
invasion, and treatment response.

Alters tumor cell behavior and clinical
presentation.

Promotes tumor cell migration and
invasion.

Affects intercellular communication,
immune response, and physical
properties of the tumor.
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contribute to cancer development. The risk of lung cancer generally increases with age [18], and PMA is no exception. Although lung
cancer rates have traditionally been higher in men, the gap has been narrowing, potentially because of changes in smoking patterns
among women. Furthermore, individuals who previously had lung cancer are at a higher risk of developing a second lung cancer [19],
including PMA.

1.2. Clinical features and diagnosis

PMA often presents with symptoms similar to those of other lung conditions, posing challenges in diagnosis. These symptoms
encompass persistent cough, shortness of breath, chest pain, wheezing, recurrent respiratory infections, coughing up blood, and
general systemic symptoms, such as unexplained weight loss, loss of appetite, and fatigue [20,21]. Owing to the similarity in symptoms
with other lung diseases, PMA can be occasionally misdiagnosed as pulmonary actinomycosis [22].

Diagnosis relies on an integrated approach combining imaging and biopsy findings. Imaging modalities include chest radiography,
computed tomography (CT), magnetic resonance imaging (MRI), and positron emission tomography (PET) scans. Biopsies are obtained
using bronchoscopy, CT-guided needle aspiration, endobronchial ultrasound, thoracentesis, and surgical methods. Moreover, histo-
pathological evaluation is paramount for a definitive diagnosis. Histopathological examination is crucial for determining the type,
grade, and stage of a tumor, thereby informing the development of an optimal treatment approach. Additionally, after histopatho-
logical examination, further molecular testing can be performed on tissue samples to identify specific mutations or biomarkers that
may serve as treatment targets.

1.3. Treatment options (Table 3)

(1) Surgery: primary treatment for early-stage PMA typically involves surgical intervention, especially for localized operable tu-
mors. Surgical options range from limited resections (e.g., wedge resections) to more extensive procedures like lobectomy or
pneumonectomy, dictated by the tumor size and location. The recurrence rate and long-term survival depend on the stage at
diagnosis and the thoroughness of resection. A notable study [23] comparing outcomes in IMA and non-mucinous invasive
adenocarcinoma (NMA) in 20,914 patients showed that patients with PMA had an average survival time of 124 + 34 months,
with a 3-year survival rate of 73.8% (95% confidence interval [CI] 0.69-0.79) and a 5-year survival rate of 66.8% (95% CI
0.62-0.72). Although differences were observed in histological grading, tumor staging, and use of adjuvant therapy, no sig-
nificant differences were noted in demographic characteristics or surgical aspects. A study [24] examining recurrence dynamics
after curative surgery in patients with IMA indicated that morphological consolidation, higher T and N stages, smoking, and
spread through alveolar spaces (STAS) are significant indicators of an increased risk of early recurrence or death in patients with
IMA. However, the article did not specify the exact recurrence rates. (2) Chemotherapy: this treatment modality is employed in
adjuvant, neoadjuvant, and advanced-stage scenarios. A significant study on palliative chemotherapy for advanced IMA [25]
highlighted the frequent use of platinum-based regimens combined with pemetrexed and gemcitabine.

Table 3
Summary of different treatment modalities for pulmonary mucinous adenocarcinoma.

Treatment Indications Considerations

modality

Subsets needing further research

Surgical treatment

Chemotherapy

Targeted therapy

Targeted adjuvant

Early-stage pulmonary mucinous
adenocarcinoma (stages I and II).
Advanced cases (stages 1l and IV)
or as adjuvant post-surgery.

Patients with specific genetic
mutations (e.g., ALK, KRAS
positive)

Immunotherapy Mainly for advanced-stage
pulmonary mucinous
adenocarcinoma.

Radiotherapy High-risk early-stage cases or

inoperable advanced cases.

Patients positive for specific

therapy genetic mutations (e.g., EGFR
mutation).
Supportive care All stages of pulmonary mucinous
adenocarcinoma.
Personalized Customized according to
treatment patient’s unique clinical
plan presentation and genetic

characteristics.

Tumor size, location, patient’s overall health;
feasibility of surgical resection.

Drug choices (platinum-based, pemetrexed,
gemcitabine); managing side effects; combination
therapy strategies.

Mutation screening; drug selection and side
effects; managing resistance.

Assessing PD-L1 expression levels; managing
immune-related side effects; combination with
chemotherapy or targeted therapy.

Choosing radiotherapy doses and schedules;
combination with chemotherapy or surgery;
managing radiotherapy-related side effects.

Target screening; drug selection and management;
monitoring and managing resistance.

Symptom management (pain, difficulty breathing,
etc.); psychological and social support; improving
quality of life.

Combining individualized information to
formulate a treatment plan; interdisciplinary
collaboration; continuous monitoring and
adjustment of the treatment strategy.

Optimizing surgical methods; long-term effects
of minimally invasive surgery.

Personalized chemotherapy for specific patient
groups; long-term effects of combination
strategies.

Development and testing of new drugs for
uncommon mutations; long-term effects and
safety of targeted therapy.

Effects of immunotherapy in specific genetic
backgrounds; optimization of combination
therapy strategies.

Studies on the effectiveness of new
radiotherapy techniques (e.g., stereotactic
radiotherapy); combination of radiotherapy
with novel treatments.

Treatment strategies for atypical or rare
mutations; assessment of quality of life and
effectiveness of long-term targeted therapy.
Long-term impact of supportive care measures;
importance of psychosocial support for
treatment adherence and overall prognosis.
Application of precision medicine in the
treatment of pulmonary mucinous
adenocarcinoma; long-term effectiveness of
personalized treatment plans.
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(3) Targeted therapy: Tailored based on specific genetic mutations or biomarkers, targeted therapies are increasingly relevant,
especially for KRAS mutations common in PMA. Promising results have been observed with sotorasib and adagasib in treating
KRAS G12C metastatic lung cancer, as evidenced by phase I and II trials [26].

(4) Radiation therapy: Often adjunct to surgery and chemotherapy, radiation therapy is indicated for incomplete resection or high
local recurrence risk. It serves as palliative care in the advanced stages. A study [27] identified postoperative radiotherapy
(PORT) as an independent prognostic factor, suggesting benefits for patients with fewer than seven positive lymph nodes;
however, chemotherapy might be more advantageous for those with more positive lymph nodes.

(5) Immunotherapy: the role of immunotherapy in PMA, particularly in patients with KRAS mutations, is under investigation. Xu
et al. [28] reported differing responses to immunotherapy between IMA and NMA in advanced stages.

Distinct challenges in treating PMA necessitate tailored approaches. High mucoprotein levels can impede chemotherapy efficacy
and radiation absorption. The tumor’s spread along the airways and alveoli complicates surgical excision and heightens recurrence
risk. KRAS mutations in PMA limit the effectiveness of targeted therapies applicable to other NSCLC subtypes. These factors, alongside
tumor size, mucoprotein formation, and genetic mutations, influence prognosis and necessitate individualized treatment strategies.

1.4. Prognosis

In early-stage PMA (stages I and II), surgical intervention is typically prioritized as the primary option, carrying significant
therapeutic importance, aiming for complete tumor tissue removal to achieve a cure. A study [29] on the treatment and prognosis of
early-stage PMA (stage I) explored the effects of surgical methods and adjuvant chemotherapy (AC), indicating that compared to
surgery alone, AC had a detrimental impact on overall survival (OS: 71.2 vs. 93.4 months) and cancer-specific survival (CSS: 74.9 vs.
101.1 months). Additionally, outcomes for patients with tumors smaller than 1 cm undergoing lobectomy and segmentectomy showed
no significant difference in OS and CSS between the two surgical methods.

For advanced-stage PMA (stages III and IV), the treatment goals are often more focused on extending patient survival and alle-
viating symptoms rather than completely curing the tumor. A systematic review and meta-analysis [30] identified several prognostic
factors for advanced-stage PMA, including sex, age, TNM staging, smoking history, lymph node metastasis, pleural metastasis, STAS,
tumor size, pathological grade, and CT features. These factors significantly affect OS and disease-free survival (DFS). In treating
advanced PMA, therapy selection often necessitates comprehensive consideration of multiple factors. Chemotherapy regimen choice is
pivotal in advanced IMA prognosis. Common regimens include platinum with pemetrexed and platinum with gemcitabine. The effi-
cacy of additional therapies, including immunotherapy (e.g., nivolumab, atezolizumab) and targeted therapies (e.g., EGFR TKI,
ALK-TKI), varies in their impact on prognosis. In a study [16] investigating various palliative chemotherapy regimens, including new
therapies, for patients with advanced IMA of the lungs, the median survival for patients was 20.1 months. Notably, patients treated
with immunotherapy exhibited a longer OS, whereas no significant prognostic differences were noted among those receiving targeted
therapy. Moreover, a study [31] specifically investigated the clinical course of patients with advanced-stage PMA and found that
patients receiving non-tyrosine kinase inhibitor (non-TKI) chemotherapy showed no improvement in OS compared to untreated pa-
tients. However, among patients with NMA, TKI treatment resulted in the best OS among those with targetable mutations.

In a study [32] involving 294 patients with resected PMA, tumors were categorized into pure solid, partial solid, and pneumonic
types based on imaging subtypes. The findings revealed that patients with the pneumonic type had a comparatively poor prognosis,
with a 5-year recurrence-free survival (RFS) rate of only 23.7% and a 5-year OS rate of 44.7%. In contrast, the RFS rates for the pure
and partial solid types were notably higher at 83.2% and 93.7%, respectively. Both types demonstrated 5-year OS rates of 100%. Yoon
et al. [33] documented distinct recurrence patterns in patients with recurrent IMA, noting that those with pulmonary recurrence
exhibited a favorable prognosis following local treatment, highlighting the potential importance of local interventions in resectable
pulmonary recurrences of IMA.

In a study [34] on patients with multifocal invasive PMA, whole-exome sequencing was conducted in two to five distinct regions
across seven patients, revealing mutations in KRAS, NKX2-1, TP53, and ARID1A genes identified as founder mutations. Another study
[35] conducted whole-exome sequencing of 96 Chinese patients with PMA and uncovered specific genetic variations distinct from
those in lung adenocarcinoma. This study found significant differences in the genomic and immune environments between PMA and
common lung adenocarcinoma.

Additionally, a patient’s overall health status significantly affects prognosis. Some patients may not tolerate aggressive treatments
due to comorbidities or frailty, affecting treatment choices and outcomes. Therefore, clinicians must consider these factors and work
with patients to develop the best treatment plan to maximize prognosis and quality of life.

2. Discussion

PMA, a distinctive subtype of adenocarcinoma within the NSCLC category, is characterized by an overproduction of mucin, a
viscous substance produced by specific cells [36]. In PMA, the excessive mucin production by cancer cells results in the formation of
mucin-filled spaces within the tumor [12]. These spaces, when observed microscopically, may resemble mucin vacuoles or pool-like
structures. Excess mucin forms a viscous barrier [37] that physically impedes the penetration of chemotherapeutic drugs into tumor
cells. This barrier restricts drug access and alters the tumor microenvironment, impacting drug efficacy [38]. Mucin can bind to and
sequester drugs, reducing their availability to interact with cancer cells [13]. This sequestration reduces drug concentration within the
tumor, diminishing its therapeutic effect. High mucin content can alter the tumor microenvironment, potentially inducing hypoxia, pH
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fluctuations, and alterations in the extracellular matrix. These alterations can influence drug activity and cancer cell sensitivity to
treatment. To overcome mucin-related drug resistance, several potential strategies can be employed. (1) Use of mucolytic agents [39]:
drugs capable of degrading or dissolving mucin can reduce the barrier formed by mucin, enhancing the penetration of chemothera-
peutic agents [40]. These mucolytic agents disrupt mucin structure, reduce its viscosity, and allow chemotherapy drugs to reach tumor
cells more effectively. (2) Application of nanotechnology in drug delivery: nanoparticle-based drug delivery systems, developed using
nanotechnology, may enhance penetration through the mucin barrier [41]. By adjusting the size and surface properties of nano-
particles, their ability to penetrate mucin can be enhanced; thereby, improving drug efficacy. (3) Use of combination therapies:
combining mucolytic agents and standard chemotherapy drugs can improve the overall treatment effectiveness. Mucolytic agents are
used to reduce the mucin barrier, followed by chemotherapeutic drugs to target more accessible cancer cells. (4) Development of
targeted therapies against mucin production [42]: targeting molecular mechanisms involved in mucin production may decrease mucin
content in tumors or alter their properties, enhancing drug penetration and efficacy. (5) Application of local hyperthermia: applying
high temperatures to the tumor area can reduce the viscosity of mucin; thereby, enhancing the penetration of chemotherapeutic drugs.
This method can be combined with chemotherapy to improve treatment outcomes [43].

Therefore, prioritizing urgent and decisive research areas in PMA is crucial. Special attention should be paid to the following
aspects. (1) Molecular and genetic studies: research should focus on identifying specific biomarkers and genetic susceptibilities, uti-
lizing biomarkers to guide personalized treatments, employing gene-editing technologies like CRISPR for directly repairing cancer-
related genetic mutations, and developing CAR-T cell therapies and other cellular treatments, particularly for targeting challenging
mutations. (2) Development of early diagnostic techniques: developing highly sensitive and specific screening and diagnostic methods
is crucial for early detection of PMA. This may involve using liquid biopsies, imaging techniques, or bioinformatics tools. (3) Novel
treatment approaches: searching and testing new treatment methods, such as targeted therapy, immunotherapy, and new combina-
tions of chemotherapy, are crucial to improve treatment effectiveness and reduce side effects. Molecular subtyping initiatives for
targeted drug development and identifying predictors of immunotherapy responses are crucial future milestones. (4) Study of drug
resistance mechanisms: understanding the mechanisms underlying drug resistance in PMA is vital for developing new treatment
strategies. (5) Improvement of patient quality of life: patient quality of life should be prioritized by focusing on pain management,
offering psychological support, and addressing treatment-related quality of life issues. (6) Epidemiological research: studying the
incidence, risk factors, and prevention strategies of PMA is essential for formulating public health strategies. (7) Interdisciplinary
collaboration: interdisciplinary collaboration should involve experts in pulmonology, oncology, molecular biology, bioinformatics,
and other fields to promote comprehensive research in this area.

3. Conclusions
Recent advances in genetic research and immunotherapy have facilitated personalized treatment approaches for PMA, a unique
lung cancer subtype with high mucin content. Developments in targeted drugs and minimally invasive surgical techniques have

improved patient prognoses. Despite the challenges in PMA treatment, ongoing research and the emergence of new treatment mo-
dalities contribute to the development of more effective and personalized patient care.
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