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Simple Summary: The micropapillary component in lung adenocarcinoma has a valid predictive role
for patient prognosis. To investigate targeted clinical strategies, we collected 31 stage I lung adenocar-
cinoma samples and performed microdissection to separate micropapillary and non-micropapillary
components, followed by whole exome sequencing. We focused on the genomic features, evolutionary
advantages, and associated clinical implications of the micropapillary component, and we proposed
and validated the possible presence of essential mutations, TP53 and ZNF469, in the formation of
the micropapillary component. These features may be associated with the formation of high-grade
invasive patterns in this component.

Abstract: Background: Micropapillary components are observed in a considerable proportion of
ground-glass opacities (GGOs) and contribute to the poor prognosis of patients with invasive lung
adenocarcinoma (LUAD). However, the underlying mutational processes related to the presence of
micropapillary components remain obscure, limiting the development of clinical interventions. Meth-
ods: We collected 31 GGOs, which were separated into paired micropapillary and non-micropapillary
components using microdissection. Whole-exome sequencing (WES) was performed on the GGO
components, and bioinformatics analysis was conducted to reveal the genomic features of the
micropapillary component in invasive LUAD. Results: The micropapillary component had more
genomic variations, including tumor mutation burden, intratumoral heterogeneity, and copy number
variation. We also observed the enrichment of AID/APOBEC mutation signatures and an increased
activation of the RTK/Ras, Notch, and Wnt oncogenic pathways within the micropapillary compo-
nent. A phylogenetic analysis further suggested that ERBB2/3/4, NCOR1/2, TP53, and ZNF469
contributed to the micropapillary component’s progression during the early invasion of LUAD, a
finding that was validated in the TCGA cohort. Conclusions: Our results revealed specific mutational
characteristics of the micropapillary component of invasive LUAD in an Asian population. These
characteristics were associated with the formation of high-grade invasive patterns. These preliminary
findings demonstrated the potential of targeting the micropapillary component in patients with
early-stage LUAD.

Keywords: ground-glass opacities (GGOs); lung adenocarcinoma (LUAD); microdissection; mi-
cropapillary (MPP); whole exome sequencing (WES)
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1. Introduction

According to the latest statistics, lung cancer ranks first in terms of incidence and mor-
tality among all malignant tumors in China, with lung adenocarcinoma (LUAD) accounting
for approximately 60% of all lung cancer cases [1]. With the orderly implementation of
extensive lung cancer screening, an increasing number of LUADs are diagnosed early;
however, it has been reported that a significant proportion of patients with early-stage lung
cancer experience a recurrence or metastasis within 5 years after clinical intervention [2]. At
this stage, a combination of different components of lung cancer tissue, such as lepidic, mu-
cinous, acinar, papillary, solid, and micropapillary, is a useful predictor of the prognosis [3].
Among these components, micropapillary (MPP) components express more aggressive
molecular markers; moreover, the proportion of MPP components in tumor cells predicts
the risk of early metastasis and lymphatic infiltration and is significantly associated with
five-year survival [4-7].

The MPP component is most common in ground-glass opacities (GGOs) and tends to
be distributed at the margins of tumor invasion into normal tissue, with an unexpected
inside-out growth pattern [8]. The side of the tumor cell facing the stroma has apical
secretory properties, and the secretory content includes stromal and vascular invasion
factors that promote tumor multiplication and metastasis. These cellular properties largely
determine tumor behavior and malignancy.

This component is distributed in some tumors with characteristic mutations; for exam-
ple, EGFR and BRAF have high mutation frequencies in MPP samples. This component is
also enriched for mutations in certain functional pathways such as the PI3K pathway, which
is an independent factor in the assessment of tumor recurrence [9-11]. Existing MPP-related
genomic studies using panel sequencing have proposed that the MPP component also
has a stronger genomic instability and higher heterogeneity than other components and
contains specific mutated genes due to the increased presence of subclonal mutations in
all stages of LUADs. However, the above findings remain fully validated, while a larger
somatic mutational profile of the MPP component at the exon level in early-stage LUADs
is currently lacking. Thus, our study explored the mutational landscape of the integrated
MPP components.

This study aimed to better understand the overall information on mutations in this
component and to gain insight into the role of mutational features in early lung adenocarci-
noma in the process of cell differentiation and development. We collected a total of 31 GGO
samples and performed whole-exome sequencing (WES) of different components, which
was the basis to further elaborate the distribution ratios and mutation selection during the
development of the MPP component as well as the differences in functional mutations,
copy number variants (CNVs), and pathway mutations between tumor components.

2. Materials and Methods
2.1. Samples and Microdissection

In this study, we used tumor tissue samples from 31 patients with lung malignancies
who underwent radical lung cancer surgery at the Affiliated Cancer Hospital of Nanjing
Medical University between February 2016 and February 2021 to study the mutational char-
acteristics of tumor tissues. The patients’ postoperative tissue samples were pathologically
confirmed to be lung adenocarcinoma-carrying MPP components. According to the eighth
edition of the American Joint Committee on Cancer (AJCC)’s cancer staging, all samples
collected were stage I. The lung cancer tissue samples were diagnosed by two pathologists,
and microdissection was performed after microscopic pinpointing of the MPP component.
The MPP component and non-MPP component were isolated from each sample.

In addition, as control data for the genetic variants, we obtained peripheral blood
mononuclear cell (PBMC) samples from 31 tumor tissue samples corresponding to patients.
The study was approved by the ethics committee of Nanjing Medical University, and
informed consent was obtained from the subjects for postoperative sample collection. The
clinical information of the above patients is recorded in Supplementary Table S1.
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2.2. WES

DNA was extracted from the tissue and blood samples using a FastPure FFPE DNA
Isolation Kit and a FastPure Blood DNA Isolation Mini Kit V2. The DNA sample con-
centrations were measured using a Qubit® 3.0 Flurometer (Q33216, Life Technologies,
Carlsbad, CA, USA). A DNA small-fragment library was prepared according to the Agilent
SureSelectXT Target Enrichment System method and procedure. After the library’s con-
struction, an initial quantification was performed using Qubit 3.0, and the insert size of the
library was measured using Agilent 2100. The insert size was determined to be as expected.
After the insert size met the expectation, Q-PCR was performed using a Bio-RAD CFX 96
fluorescence quantitative PCR instrument and a Bio-RAD KIT iQ SYBR GRN to accurately
quantify the effective concentration of the library (effective library concentration > 10 nM)
to ensure the library’s quality. After the libraries passed QC, the raw data were generated
in a FASTQ file format by running the double-end sequencing program (PE150) on the
[lumina HiSeq sequencing platform according to the manufacturer’s instructions. The
sequencing data quality for this project was assessed using the software FastQC v0.11.7,
and the data were then compared with the reference genome using software such as BWA.
We performed variant detection using GATK software and SNP and InDel annotation using
ANNOVAR software [11-15]. The sequencing information of each sample, including the
reads number and average coverage, is recorded in Supplementary Table S2.

2.3. Oncogenic Signaling Pathway

Based on the mutated MAF files, the known oncogenic signaling pathways in the
TCGA cohorts (Oncogenic Signaling Pathways in The Cancer Genome Atlas) of the overall
sample were enriched using OncogenicPathways in the maftools package [16]. Each
pathway (RTK-RAS, NOTCH, WNT, PIK3CA, and HIPPO) was plotted using Adobe
Mlustrator, and we labeled the type, function, and frequency of the mutations in each
pathway plotted.

2.4. Analysis of the Copy Number Variation

To assess the copy number status of the whole genome based on WES data, we
modeled the copy number as an integer using the default parameters for SEQUENZA
(R package, version 2.1.2) [17] while calculating the mutation ploidy and cellularity. To
infer the clonal composition of each tumor sample, the cancer cell fraction (CCF) of each
identified mutation was estimated using PyClone (version 0.13.1) [18], and mutations with
a CCF greater than 0.1 were defined as clonal mutations. The rest were defined as subclonal
mutations. The output of Sequenza was used as the input for PyClone.

2.5. Calculation of the AN/dS Value

The dN/dScv package was used to calculate the dN/dS ratio for each component
of each sample (including synonymous mutations) to infer the global mutational selec-
tion pressure during tumor development, and we selected samples that fit the dN/dScv
calculation model for further analysis.

The dispersion of the allele frequencies of somatic mutations in the whole exome
sequencing data for each sample was measured using the mutant-allele tumor heterogeneity
(MATH) method [19], and this value was used to measure the intratumor heterogeneity
(ITH) of the samples included in this study.

2.6. Statistical Analysis

Statistical analyses were performed using R (v4.0.5). For comparisons of the continu-
ous variables between groups, Wilcoxon rank-sum tests were used. For comparisons of
the categorical variables paired between groups, McNemar chi-square tests were used. All
reported p values were two-sided. The differences were considered significant when the
p value was <0.05. Other figures were generated using the R package ggplot2.
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3. Results
3.1. Study Design

To comprehensively study the mutational landscape of the MPP component and
the transcriptomic characteristics of tumor cells in early-stage LUAD, we analyzed in-
traoperatively resected tumors and the corresponding peripheral blood samples from 31
patients with GGOs. The patients’ information is recorded in Supplementary Table S1.
After pathological evaluation, 31 of these samples were microscopically excised and di-
vided into MPP and non-MPP components, and WES was performed on each pathological
component, followed by a study of the overall mutation characteristics of each component
based on mutated genes, copy numbers, base distributions, functional pathway enrichment,
and evolutionary selection. A flowchart of the study design is shown in Supplementary
Figure S1A.

To capture the overall mutational landscape of the MPP components in GGOs, the
somatic mutational profiles of different components within tumors are presented separately
below and used as a basis for comparing differences between groups, followed by an assess-
ment of the developmental characteristics of tumor cells based on mutational information.

3.2. Mutational Landscape in the MPP Component of GGOs

First, we observed that EGFR and TP53 were the main driver mutations in our study
cohort, with most samples showing common driver mutations among different components
(MPP and non-MPP) (Figure 1A and Supplementary Table S3). The MPP component shared
mutations with the non-MPP component, with higher levels of tumor mutation burden
(TMB) (Figure 1B,C). Among the single-nucleotide variants, most were base conversions,
with C>T conversions showing a strong predominance in the distribution of substitutions
(Figure 1D).

We calculated the CNV for each sample using Sequenza [17]. Heatmaps of the CNV
signature distributions for different components in patients P17 and P30 are shown in
Supplementary Figure S1B,C, respectively, showing that the different components shared
common CNV loci in the same sample, but that the MPP component had a significantly
higher CNV load compared with that of the non-MPP component. Therefore, we sep-
arately depicted the CNV acquisition and deletion frequency distributions of the MPP
and non-MPP components in all samples (Figure 1E,F and Supplementary Table S4). The
results were consistent with the features of the single samples. Additionally, the highest
variation frequencies of chromosome arm acquisition were distributed at 1q, 8q, and 21q,
while chromosome arm deletions were distributed at 15q, 17q, and 19q. To confirm the
component dependence of the CNV acquisition and deletion frequencies, we compared
these frequencies between the two groups. The results showed significant differences
between the groups (Figure 1G,H), suggesting that CNV frequency was associated with the
formation of specific functional morphologies in tumor cells.

The intratumoral heterogeneity (ITH) patterns of the paired components in each
sample were quantified to estimate the component’s genetic correlations. As expected, the
MPP component had higher ITH levels compared with those of the non-MPP component,
consistent with the aggressive profile of the MPP component, suggesting an expansionary
predominance of this component in early progression [19,20] (Figure 1I), as reported
previously [21,22]. These results suggest that, although there is some homology between
MPP and non-MPP components, both emerged and retained their respective adaptive
mutations during their development, with a more complex genomic landscape in the MPP
region relative to the other components.
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Altered in 57 (31.94%) of 62 samples.
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Figure 1. Genetic mutation distribution of the different components in early-stage LUAD. (A) Muta-
tion profile of the early-stage LUAD samples divided into micropapillary and non-micropapillary
components. (B) The tumor mutation burdens (TMB) distribution in a micropapillary component.
(C) The TMB distribution in a non-micropapillary component. (D) The schematics of the base substi-
tution types (C>A, C>G, C>T, T>C, T>A, T>G, Ti, and Tv) in MPP and non-MPP components. (E) The
copy-number aberration frequency across the MPP of 31 bulk samples. Chromosomes 1-22 and X/Y
are positioned along the x-axis, while the y-axis shows the frequency of copy-number gains (pink)
and losses (blue). (F) Copy-number aberrations frequency across the non-MPP of 31 bulk samples.
Chromosomes 1-22 and X/Y are positioned along the x-axis, while the y-axis shows the frequency
of copy-number gains (pink) and losses (blue). (G) The copy-number aberration (gain) frequency
between different components in the same sample. The differences were assessed using a Wilcoxon
rank-sum test. (H) The copy-number aberration (loss) frequency between different components in
the same sample. The differences were assessed using a Wilcoxon rank-sum test. (I) Intratumor het-
erogeneity (ITH) scores of 31 paired MPP and non-MPP components. The differences were assessed
using a Wilcoxon rank-sum test.
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3.3. Analysis of Mutation Signatures and Oncogenic Pathways in the MPP Component of GGOs

The MPP component has an apical secretory function and plays an important role
in tumor infiltration and angiogenesis [8]. To elucidate the unique biological behavior
of the MPP component from the perspective of functional mutations, we analyzed the
differences in the distributions of the elements and the requirements of the oncogenic
pathway in different components. The RTK/Ras pathway is key to many targetable genes,
including EGFR. Integrating the mutations and CNVs revealed that KRAS, ALK, ERBB2-4,
and MET were significantly more frequently altered in the MPP component than in the
non-MPP component (Figure 2A). This finding was consistent with the previously reported
mutational profiles of aggressive tumor components [23]. Thus, mutations in the RTK/Ras
pathway are more frequent in the MPP component of GGO patients. In addition, essential
mutations related to the Notch and Wnt pathways, including NOTCH1-4, NCOR1-2,
LRP5, and DKK1-4, also appeared more frequently in the MPP component (Figure 2B-E).
The Notch pathway regulates cell differentiation, feature solidification, cell growth, and
apoptosis, while the Wnt pathway plays a role in tumor morphogenesis. Both pathways
are associated with the epithelial-mesenchymal transition, which may partly explain the
presence of the altered cell polarity in the MPP component.
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(A-E) Comparison of the alteration frequency of genes in the RTK/RAS (A), NOTCH (B), PIK3CA (C),
WNT (D), and HIPPO (E) pathways between the two components. Mutated genes with oncogenic
activation are filled in red, and inactivated tumor suppressor genes are filled in blue. The color
intensity represents the frequency of gene replacement occurrence. (F) Mutational SBS activities of
MPC inferred from base substitution signatures. (G) Mutational SBS activities of non-MPC inferred
from base substitution signatures.

In addition, the overall base variation layout at the whole-exon level in the MPP
component as a whole was more consistent with the SBS13 profile in the Catalogue of
Somatic Mutations in Cancer (COSMIC), suggesting an association with the activation
of AID/APOBEC cytidine deaminase in cancer [24] (Figure 2EG), while both fractions
exhibited base features associated with DNA mismatch repair defects, including SBS15
and SBS6 [25]. Notably, most MPP components showed alterations in the Notch pathway
and were accompanied by an enrichment of mutational features related to the oncogenic
activity of AID/APOBEC, similar to the findings reported in other tumors [25-27].

3.4. Phylogenetic Analysis of GGOs Associated with Mutations in the MPP Component

Next, we investigated the genetic changes specific to the MPP component in each
patient in this cohort. As shown in Figure 3 and Supplementary Figure S2, we constructed
a phylogenetic tree for each patient based on different histological subtypes, with the
lengths of the trunk and branches based on the number of mutations, gene-level CNVs,
and chromosomal arm-level CNVs [26,27].

Most of the histological subtypes from the same tumor sample source shared multiple
genetic events, especially driver mutations, implying homology between the two compo-
nents as well as pathological subtype differences in the tumor occurring after tumor driver
mutations. In addition, the branch length of the MPP component was significantly longer
than that of the non-MPP component, suggesting that more genomic alterations may be
required for the germination process of the MPP component.

Considering the role of specific mutations in the differentiation of tumor cells toward
the MPP component, we counted the frequencies of the distributions of MPP branch muta-
tions without trunk mutations in the samples based on the developmental tree (Figure 4).
Within the same sample, genes of the RTK-Ras and Notch pathways were more frequently
found in the MPP component. The frequencies of TP53 mutations differed significantly
between MPP and non-MPP components (p = 0.04), which is a known factor associated
with poor prognosis and corresponds to genomic instability features, such as high CNV
and TMB, in the MPP component. The gene-encoding zinc finger protein ZNF469 also
showed a component-specific distribution (p = 0.07).

3.5. Distribution of Driver Mutations and Selection Pressure during the Evolution of MPP
Components in GGOs

We selected single-nucleotide variants shared between different pathological subtypes
of the same sample, which were aggregated with 636 mutated genes localized in all sam-
ples, and we further calculated the proportions of the distributions of each mutation using
PyClone [18,28]. As expected, the mutated genes in the MPP component were distributed
in more tumor cells (Supplementary Figure S1D and Supplementary Table S5) and also had
higher frequencies of allelic mutations compared with those of the non-MPP component
(Supplementary Figure S1E and Supplementary Table S5). This might be related to the mon-
oclonal population resulting from the stronger proliferative capacity of the MPP component,
but it may also be more indicative of the differentiation process of the highly heterogeneous
MPP component, with higher genomic variation requirements during differentiation.

dN/dS represents the ratio of non-synonymous to synonymous mutations and is
a good means of quantifying the selection pressure during the evolution of the cancer
genome. We used the standardized dn/ds algorithm (dN/dScv), filtered out the sam-
ples that fit the dN/dScv model, and calculated the ratio of the nucleotide substitution
rate at non-synonymous to synonymous sites for each component in the sample to as-
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sess the significance of mutational selection pressure on each component during early

progression [29,30].
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Figure 3. Molecular phylogenetic tree for each GGO lesion. Red, blue, and green lines represent
trunk, MPP branch, and non-MPP branch mutations, respectively. The length of molecular time of the
trunks and branches was calculated using the number of genomic alterations (mutations and CNVs).

The MPP component showed a significantly higher dN/dS ratio (Supplementary
Figure S1F), suggesting that the MPP component is under stronger mutational selection
pressure during formation and proliferation. Simply put, to have a chance of survival, this
pathological subtype requires a more significant proportion of non-synonymous mutations
that result in protein sequence variation or epistatic functional changes.
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Figure 4. Pathological component-specific mutations for each GGO lesion. Heatmaps were drawn
using the distribution of MPP-component branch mutations in the samples after a phylogenetic
analysis, and the differences between the two groups were tested using a McNemar chi-square test.

The Pyclone results also showed higher abundances of TP53, ZNF469, TTN, and
TENM4 mutations in the MPP components (Figure 5A-E). Combining the high-frequency
mutations and high tumor cell prevalence mutations occurring in the MPP components,
we finally focused on TP53 and ZNF469. TP53 mutations in tumors have been commonly
studied. Our analysis of the Cancer Genome Atlas (TCGA) cohort to assess the association
of ZNF469 mutations with a prognosis in pan-cancer showed a higher ZNF469 expression
and a poorer clinical prognosis in samples with ZNF469 mutations (Figure 5FG).
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Figure 5. Differential genomic features of MPP components and mutation assessment in pan-cancer.
(A-E) Cancer cell fraction (CCF) of EGFR (A), TP53 (B), ZNF469 (C), TTN (D), and TENM4 (E)
between the MPP and non-MPP components. The differences were assessed using a paired Wilcoxon
rank-sum test. (F) Survival analysis for ZNF469 mutation in TCGA pan-cancer cohort. (G) ZNF469
expression between ZNF469 mutation and wild-type samples in TCGA. The differences were assessed

using a Wilcoxon rank-sum test.

4. Discussion

Although surgery is the primary route for the clinical treatment of patients with early-
stage LUAD, the five-year recurrence rate after this treatment should not be ignored [31-33].
Most patients who relapse develop drug resistance and metastasis in subsequent combina-
tion therapies and have a poor prognosis. Based on these conditions, the MPP subtype is
the most relevant to the malignant behavior of GGO tumors, considering cell differentiation
and pathogenesis; moreover, their correlation with clinical prognosis was demonstrated [9].
In the overall structure of the MPP subtype, due to the reversal of cell polarity and the
formation of non-structural gaps between tumor cells, these aggregated cell clusters are
easily separated and segmented into single cells or smaller cell clusters, which combine
with their strong colonization ability to promote invasion and metastasis [8,34-36]. Our
study compared the genomics of MPP and non-MPP subtypes in an Asian population to
investigate the causes of the unique growth patterns of MPP-subtype tumor cells.

We reported the results of a comprehensive genomic analysis of the MPP component
in GGOs. This component was initially considered to be homologous to the pathological
components and therefore shared common driver mutations and copy number variants
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at common loci. However, this subtype carries a higher mutational load compared with
that of the other components, as evidenced by TMB, CNVs, cancer cell fractions (CCFs),
and variant allele frequency. Increasing evidence suggests that tumor cells accumulate
mutations during proliferation and invasion and that CNVs at genetic loci play important
roles in carcinogenesis and cancer progression [37].

As reported previously, the MPP subtypes tended to show an aggregation of character-
istic mutations (EGFR, KRAS, and BRAF) [27,38]; we also observed more frequent mutations
in the RTK/Ras, Notch, and Wnt pathways and an enrichment of the AID/APOBEC muta-
tion signature in MPP. Similar to the overall landscape of esophageal, head and neck, and
penile squamous cell carcinomas [39-41], the MPP showed both enrichment of the Notch
pathway mutations and a substitution of the APOBEC-related signature in the presence
of high genomic variation. Combined, these findings imply a strong association between
these two factors in tumor development.

The phylogenetic tree branches showed that tumor cells require more driver mutations
during differentiation into MPP subtypes, which explains the increased mutational selection
pressure in this pathological subtype. In addition to the oncogenic signaling pathway genes
mentioned in this study, we also observed enrichment trends for TP53, ZNF469, TTN, and
TENM4 in the MPP pathological subtypes. We verified that the less-studied ZNF469 was
associated with poor tumor prognosis. These results support clinical observations and
provide clinical ideas for precise treatment requirements.

Our results demonstrate the concordance between mutational features and cellular
functions. This concordance leads us to the next step of our study; that is, whether
MPP subtype components with different driver mutations have significant and unique
functional characteristics. A correlation between MPP subtypes and immunotherapy
efficacy was reported [42], and immunotherapy is closely related to factors such as tumor
antigenicity; namely, the MPP composition of the immune microenvironment pair [43] in
GGOs corresponds to the tumor microenvironment-related content, a topic that deserves
in-depth attention. Our study had the following limitations. First, due to this study
cohort’s restricted number and ethnic origin, the genomic characterization of the MPP
component needs to be validated in future studies of large multi-ethnic patient cohorts.
Second, functional analyses at the transcriptomic and proteomic levels should be continued.
Third, a longitudinal analysis at the timescale during tumor formation is still needed to
identify the determinants of differentiation in tumors with different components of the
same origin. Finally, the heterogeneity of non-MPP subtypes should be considered to
reduce the bias in identifying MPP subtypes.

5. Conclusions

In conclusion, we reported on the genomic analysis of MPP subtypes. The overall
mutational profile of MPP subtypes showed high levels of TMB, CNVs, and CCFs and
enrichment for prognosis-related genes such as TP53 and ZNF469. These results provide a
solid genomic basis and potential target molecules for the accurate diagnosis and treatment
of LUAD.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14174165/s1, Supplementary Table S1: Detailed char-
acteristics of the 31 LUAD patients. Supplementary Table S2: DNA sequencing data quality and
reference genome comparison statistics. Supplementary Table S3: Detailed somatic mutation data of
the 31 LUAD patients classified by cytopathological type. Supplementary Table S4: CNV frequency
of the 31 LUAD patients. Supplementary Table S5: Cancer cell fraction and variant allele frequency
of the 31 LUAD patients. Supplementary Figure S1: (A) Schematic representation of the analytical
strategy. (B,C) Circos plots of the MPC (B) and non-MPC (C) from samples 17 and 30 demonstrate the
genome-wide distribution density. The outer ring of the plot shows the chromosomes, and the inner
ring exhibits the CNV amplifications (red) and deletions (blue). (D,E) Cancer cell fraction (D) and
variant allele frequency (E) of 636 paired trunk mutations between different components. The differ-
ences were assessed using a Wilcoxon rank-sum test. (F) dN/dS ratio of paired component-specific
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mutant genes (exclusive of co-occurring mutated genes) in each sample that were suitable for the
dN/dScv model. The differences were assessed using a Wilcoxon rank-sum test. Supplementary
Figure S2: Molecular phylogenetic tree of other samples.
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