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Abstract

Background Lung adenocarcinoma (LUAD) has several histologically distinct subtypes that differ by a number of
clinical features including patient survival. Molecular mechanisms underlying histological and clinical differences
between subtypes remain poorly understood.

Methods We conducted a comparative analyses of gene expression in acinar, lepidic, papillary and solid subtypes,
as well as mucinous adenocarcinoma. We used a novel, more efficient approach to identify subtype-specific genes.
We compared the mean gene expression level separately for tumors and adjacent normal tissue with pure or a
highly represented (= 75%) subtype of interest to the mean expression in tumors where the subtype of interest was
not present. We also performed tumor to adjacent normal tissue comparisons and identified genes differentially
expressed between tumor and adjacent normal tissues for each subtype.

Results The number of subtype-specific genes varied from 1 for the acinar to 482 for the papillary subtype.
Comparative analysis of gene expression in adjacent normal tissues also identified subtype-specific genes, 38 in total.
Gene set enrichment analysis identified oxidative phosphorylation as a biological function associated with papillary,
and immune response - with solid subtype. Using data on differential expression between tumor and adjacent
normal tissue among the subtype-specific genes and existing evidence for association with lung carcinogenesis, we
have identified several candidate subtype-specific driver genes.

Conclusio n We identified subtype-specific genes, biological functions, and potential drivers of subtype-specific
carcinogenesis for LUAD subtypes. The study showed importance of gene expression in adjacent normal tissue for
subtype-specific tumorigenesis.
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Table 1 Basic demographic characteristics of lung
adenocarcinoma patients

Characteristic Statistics*
Age,mean (SD) 66.7 (9.1)
Sex

Male 31 (47%)

Female 32 (53%)
Smoking Status

Non-smokers 11(16.7%)

Smokers 46 (74.2%)

Unknown 6 (9.1%)
Stage

| 46 (72.6%)

Il 10 (16.7%)

A 7 (10.7%)
Background

Lung adenocarcinoma (LUAD) comprises nearly half of
all lung cancer cases. LUAD can be mucinous or non-
mucinous, and among the latter, five major histological
growth patterns (subtypes) are recognized: acinar, lep-
idic, papillary, micropapillary, and solid. In up to 90% of
lung adenocarcinomas, several histologic patterns are
present. Tumors with more than one histological pattern
are classified as mixed type, with the pattern of the high-
est presence denoted as predominant [1]. Lepidic pre-
dominant subtype tends to be a low-grade subtype with
a good prognosis [2]. Acinar and papillary are interme-
diate grades while predominant solid or micropapillary
are high-grade subtypes with a poor prognosis and high
chances to metastasize [3, 4]. The subtypes also differ by
response to treatment [5].

Since adenocarcinoma subtypes differ by their mor-
phology, one can expect that they will differ at the
molecular level. Such differences indeed have been found
[6-11]. However, a direct comparison of gene expression
profiles between major subtypes of lung adenocarcinoma
has not been conducted.

A better understanding of subtypes at the molecular
level will lead to better prognostic differences in clinical
outcomes and potentially better predictive response to
subtype-specific therapeutic approaches. In this study,
we used whole transcriptome RNA sequencing for gene
expression profiling of the lung adenocarcinoma sub-
types and mucinous lung adenocarcinoma. We have
identified subtype-specific genes and biological functions
associated with subtypes and demonstrated an impor-
tance of gene expression in adjacent normal tissue in the
context of subtype tumorigenesis.

Material and methods

Samples

This study was performed in accordance with Insti-
tutional Review Board protocol at Baylor College of
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Table 2 Histological characteristics of the LUAD patients

LUAD type LUAD subtype N predominant N pure
or
nearly
pure

Non-mucinous

Acinar 39 28
Lepidic 9 9
Papillary 3 3
Micropapillary 1 1
Solid 5 2
Mucinous 7

Medicine (H-35782). Informed consent was obtained for
the collection of clinical data and biospecimens. A pro-
spectively maintained, single-institution database was
retrospectively queried. Eligible were patients with his-
tologically confirmed lung adenocarcinoma who under-
went complete surgical resection from 2017 to 2021. We
used samples from tumor and adjacent normal tissues
acquired from the patients diagnosed with stage I-IIIA
lung adenocarcinoma and surgically treated at Baylor
College of Medicine. A total of 63 patients with qualified
paired tumor and adjacent non-neoplastic samples were
selected for the study. Tables 1 and 2 and Supplementary
Table S1 provide patient characteristics.

All tumor and adjacent normal samples were obtained
from completely resected tumors form lung cancer
patients who underwent lobectomy. For tumor samples,
pathologists first identified the tumor regions from the
gross fresh specimens. H&E review determined the sub-
type composition. A tumor region adjacent to the region
used for H&E examination was frozen for the subsequent
use in RNA sequencing studies. Normal lung tissues were
sampled from areas outside the tumor boundaries and
most distant from the tumor.

RNA sequencing and data processing

Total RNA was extracted from lung tumors and adja-
cent normal tissues using the RNeasy Plus Kit (Qiagen,
Cat# 74134) following the manufacturer’s protocol. The
quality of each RNA sample was thoroughly assessed to
ensure high purity and integrity. These RNA samples
were then used to prepare sequencing libraries, which
were sequenced on the NovaSeq 6000 system (Illumina,
San Diego) at the Human Genome Sequencing Core, tar-
geting a minimum of 80 million reads per sample. The
sequencing data were processed using the STAR aligner
[12] for alignment and the RSEM quantification tool [13]
for transcript quantification. For constructing the index,
we used the reference genome and corresponding anno-
tation files (FASTA and GTF formats) obtained from the
GENCODE database (https://www.gencodegenes.org/
human/). Gene expression levels were quantified in tra
nscripts per million (TPM) and fragments per kilobase
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of transcript per million mapped reads (FPKM) units.
These results were further integrated with gene annota-
tion information, including gene names, chromosome
coordinates, and other relevant genomic features. To
ensure accurate and comparable results across samples,
we applied quantile normalization using the scikit-learn
library.

Using pure subtypes or tumors with >= 75% of a subtype
of interest to identify subtype- specific genes
Subtype-specific genes are typically identified through
the comparison of the gene expression in a given pre-
dominant subtype versus all others, for example genes
specific for lepidic subtype are identified by comparison
of the gene expression levels in predominant lepidic with
gene expression level in other predominant subtypes
[14]. An obvious drawback of this approach is that in a
tumor of mixed histology the predominant subtype com-
prises only a fraction of tumor tissue. Using “all other”
group as a reference is not perfect because tumors in
the reference group often include the subtype of inter-
est, further complicating detection and interpretation
of the result of the comparative gene expression analy-
sis. To address these issues, to identify subtype-specific
genes for each subtype, we contrasted tumors repre-
senting pure or predominant (> =75%) subtype of inter-
est with all other tumors that did not have the subtype
of interest. For example, to identify acinar-specific genes
we compared gene expression in 100% acinar adenocar-
cinoma with all other tumors that did not contain acinar
subtype. We found that this approach identifies more
differentially expressed genes with a higher level of sta-
tistical significance compared to the traditional mixed
histology approach to identify subtype-specific genes.
An exception was made for the micropapillary subtype,
for which we used tumors with predominant micropapil-
lary subtype (even if it represented less than 75%), since
pure micropapillary subtype was not present in our set.

Acinar Lepidic
Acinar 00 0.062
Lepidic -0.25 00
Papillary
Micropapillary -0.25
Solid 0.31 -0.29

SR 08
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Mucinous LUAD tumors were compared with non-muci-
nous tumors taken together. Separately, we analyzed gene
expression in adjacent normal tissues, contrasting each
subtype with others as above.

Differentially expressed genes and gene enrichment
analysis
We also identified genes differentially expressed between
tumor and adjacent normal tissues for each subtype. For
this we used all tumors in which a subtype of interest was
present and applied paired t-test weighted on the per-
centage of the given subtype in the tumor.

We used the Database for Annotation, Visualization
and Integrated Discovery (DAVID) for gene enrichment
analysis [15].

Results

Nonrandom co-occurrence of histological subtypes in
tumors

We used two characteristics to estimate the correlations
between subtypes: (i) a simple presence of a given sub-
type in a tumor: presence was coded as one and absence
as zero, and (ii) percentage of a given histological sub-
type in a tumor. The correlations were similar for the
two characteristics we have used. Figure 1 shows a color
matrix of pairwise correlations for percentage of a sub-
type in a tumor. We found that the percentage of the
lepidic subtype is negatively correlated with the percent-
age of the acinar, micropapillary, and solid subtypes. We
found a significant positive correlation between the per-
centages of the acinar and solid subtypes. All other pair-
wise correlations were not statistically significant.

Subtype-specific genes identified based on the
comparative analysis of the gene expression in tumor
tissue

Table 3 shows the numbers of subtype-specific genes
that remained statistically significant after adjustment

Papillary  Micropapillary Solid
0.098
0.064 0.082
00
00
00

0.2 04 06 08 1

Fig. 1 Pairwise correlations of subtypes across tumors. Statistically significant correlations are shown in black boxes. Color coding is shown on the bot-
tom. The numbers below the diagonal are correlation coefficients and the numbers above the diagonal are R?
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Table 3 Number of subtype-specific genes identified for each
subtype based on the analysis of the gene expression in tumor
tissue. Number of subtype-specific genes FDR <0.05
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Table 5 The number of subtype-specific genes identified for
each subtype based on the analysis of the gene expression in
adjacent normal tissue

Subtype Number of subtype-specific genes FDR <0.05 Subtype Number of subtype-specific genes FDR <0.05
Acinar 1 Acinar 0

Lepidic 10 Lepidic 20

Micropapillary 18 Micropapillary 2

Mucinous 48 Mucinous 0

Papillary 482 Papillary 7

Solid 59 Solid 9

Table 4 Gene enrichment analysis for subtype-specific genes

Subtype Category Term FDR

Acinar None detected

Lepidic KEGG pathway mTOR signaling 0.048

pathway

Micropapillary  None detected

Papillary Cellular component  Mitochondrion 12x107"3

Solid Biological process Immune response 1.1 x107°
Biological process B cell activation 22x107°
Biological process Adaptive immune 62 x1073

response

for multiple testing with false discovery rate (FDR) <0.05.
Subtype-specific genes were identified by the compari-
sons of the mean expression in tumor tissues of pure/pre-
dominant subtype versus other tumors with zero content
of the subtype histology. The numbers of subtype-specific
genes varied from 1 for the acinar subtype to 482 for pap-
illary subtype. The full lists of differentially expressed
genes for the five subtypes of non-mucinous LUAD and
for mucinous LUAD can be found in Supplementary
Table S2. The complete list of the genes with p-values for
comparison of the mean expression in predominant sub-
type compared to all other tumors can be found in Sup-
plementary Material.

Gene set enrichment analysis of the genes identified by
the analysis of the gene expression in tumor tissue

We used DAVID to identify biological functions associ-
ated with subtypes. To ensure a robust analysis we used
the most significant 500 genes for each subtype. Based on
our experience this number is optimal number for gene
set enrichment analysis. Table 4 shows the results of the
analysis. No significant enrichment was detected for the
acinar and micropapillary subtypes. For the papillary
subtype we found an extremely significant enrichment
for the genes associated with mitochondrion. Interest-
ingly, the absolute majority of mitochondrion associated
genes are upregulated in the papillary subtype compared
to the other subtypes, suggesting that increased energy
production is a distinct biological feature of papillary
adenocarcinoma. Five hundred genes with most signifi-
cant difference in mean expression between predomi-
nantly solid subtype versus all other tumors showed a

strong enrichment for adaptive, B-cell mediated immune
response. A borderline significant enrichment for mTOR
signaling pathway was detected for the lepidic subtype-
associated genes.

Subtype-specific genes detected by comparative analysis
of the gene expression in adjacent normal tissue

Since gene expression level in normal lung tissue shows
strong inter-individual variation [16, 17] we tested the
possibility that gene expression in adjacent normal tissue
can be subtype specific. Our working hypothesis was that
some gene expression profiles in normal tissue, for exam-
ple due to tobacco exposure, may enhance development
of some subtypes and suppress the development of other
subtypes. For detection of subtype specific genes based
on the analysis of the gene expression in adjacent normal
tissue we used the same approach for this analysis as for
analysis of the gene expression in tumor tissues. Table
5 shows numbers of subtype-specific genes for adjacent
normal tissue that remained statistically significant after
adjustment for multiple testing.

The total number of subtype-specific genes identified
by the comparative analysis of adjacent normal tissue is
much lower compared to that identified by analysis of the
gene expression in tumors: 38 versus 618 genes. The larg-
est number of the normal tissue subtype-specific genes
was found for the lepidic subtype: 20 genes, or 53% of
all detected genes among the lung tumors. No acinar-
specific genes or genes specific to mucinous LUAD were
detected by the analysis of gene expression in adjacent
normal tissue. The full list of subtype-specific genes iden-
tified by the analysis of the gene expression in adjacent
normal tissues can be found in Supplementary Table S3.

Gene set enrichment analysis of the genes identified by
the analysis of the gene expression in adjacent normal
tissue

Table 6 shows the results of the gene-set enrichment
analysis of the top genes detected by the analysis of adja-
cent normal tissues. Genes associated with solid subtype
show a significant enrichment by the genes involved in
inflammatory response (FDR <0.03). Genes associated
with mucinous LUAD are enriched by the genes involved
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Table 6 Gene enrichment analysis for the top subtype-specific
differentially expressed genes identified by analysis of the gene
expression in adjacent normal tissue

Subtype Category Term FDR
Mucinous Biological process  Positive regulation of 0.022
tumor necrosis factor
production
Biological process  Inflammatory response  0.036
Acinar Biological process  Mitochondrial 0.015
translation
Lepidic Biological process  Positive regulation of 0.00017
angiogenesis
Biological process  Positive regulation of 0.0054
cell migration
Micropapillary  None detected
Papillary Biological process  Fibroblast growth factor  0.0069
receptor activity
Molecular Macrophage colony- 0.05
function stimulating factor signal-
ing pathway
Solid Biological process  Inflammatory response  0.0011

in regulation of tumor necrosis (FDR <0.02). Gene
enrichment analysis of the acinar-specific genes found
statistically significant enrichment for the genes associ-
ated with oxidative phosphorylation — “mitochondrial
translation” (FDR <0.01).

Overlap of subtype-specific genes with genes differentially
expressed between normal and tumor tissue in a given
subtype

We estimated the overlap between subtype-specific
genes both detected by analysis of the gene expression
in tumor and adjacent normal tissues and genes differen-
tially expressed (DE) between normal and tumor tissue
in a given subtype. A paired t-test weighted on the per-
centage of a given subtype in the tumor was used for all
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tumors. The observed number of overlapping genes was
compared with the number expected under the assump-
tion that these two sets of genes are independent. The
expected numbers were computed as a product of the
proportion of subtype-specific genes among all genes
analyzed and the proportion of the genes DE between
normal and tumor tissue among all genes analyzed, mul-
tiplied by the total number of the genes in the analysis
— 19,509. Table 7 shows that the observed and expected
number of subtype-specific genes that also were differ-
entially expressed between normal and tumor tissues are
in good agreement in most cases except for the subtype-
specific genes identified using adjacent normal tissue of
lepidic and micropapillary tumors, which showed a sig-
nificant co-occurrence.

The complete list of subtype-specific genes together
with the fold change and corresponding p-value of the
difference of the mean expression value between nor-
mal and tumor tissue is shown in Supplementary Table
S4. Genes that are (1) subtype-specific and (2) differen-
tially expressed between normal and tumor tissues are
the top candidates for subtype-specific drivers of lung
carcinogenesis.

Discussion

The highest number of specific genes were identified for
the papillary subtype — 482 genes. Fifty-seven, or 12%
of the total number of papillary-specific genes are genes
related to oxidative phosphorylation in mitochondrion.
The enrichment is extremely significant with the p-value
adjusted for multiple testing =1.2 x107'3. Almost all
mitochondrion-related genes (52 out of 57) are upregu-
lated in the papillary subtype compared to other sub-
types. Genes upregulated in the papillary subtype include
those from both mitochondrial (20) and nuclear (37)

Table 7 The observed and expected numbers of subtype specific (SS) genes among the genes differentially expressed (DE) between

normal (N) and tumor (T) tissues

Type/Subtype Tissue DE* NvsT* for a given subtype

DE NvsT SS* genes SS among DE NvsT Obs* SS among DE NvsT Exp*. p-value**
Mucinous LUAD Normal 1763 0 0 0.0 1
Mucinous LUAD Tumor 1763 96 5 8.9 0.222
Acinar Normal 5145 0 0 0.0 1
Acinar Tumor 5145 1 0 0.3 1
Lepidic Normal 3926 55 40 21.4 <107
Lepidic Tumor 3926 13 7 2.7 0.03
Micropapillary Normal 662 2 0.1 0.0035
Micropapillary Tumor 662 34 1.2 0.887
Papillary Normal 3193 16 3 2.7 0.828
Papillary Tumor 3193 714 144 120.0 0.0195
Solid Normal 3095 1 0 1.8 0.380
Solid Tumor 3095 69 13 11.2 0.568

DE Differentially expressed, NvsT Normal versus tumor, SS Subtype specific, Obs. Observed, Exp. Expected

**Computed using x° test or Fisher exact test as appropriate; bolded are p-values significant after adjustment for multiple testing
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genomes. Therefore, the results of the analysis suggest
that upregulation of energy production is the biological
mechanism driving papillary adenocarcinoma develop-
ment. There is abundant evidence that oxidative phos-
phorylation plays an important role in different types of
cancer, including lung cancer [18-20]. The results of this
analysis indicate that oxidative phosphorylation can be
most important for the papillary subtype.

Three biological functions, namely, “Immune response’,
“B cell activation’, and “Adaptive immune response” were
associated with the solid subtype indicating that immune
response may be important in solid subtype adenocar-
cinomas. Solid predominant subtype has been shown to
have an increased expression of PD-L1 and a high pro-
portion of dual positive PD-L1- and tumor-infiltrating
lymphocytes [21]. We did not identify any biological
processes or functions associated with the acinar or
micropapillary subtypes. We found some evidence for
the role of mTOR signaling pathway in lepidic subtype,
which is consistent with the reports that activation of the
Akt/mTOR pathway may play an important role in lung
tumorigenesis [22]. The most significant findings were
for the lepidic subtype, which is enriched by the genes
associated with positive regulation of angiogenesis sug-
gesting that anti-angiogenesis drugs like bevacizumab
may be the appropriate therapeutic for this subtype.

Lung adenocarcinoma subtypes exhibit profound dif-
ferences in tumor morphology including immune cell
infiltration, tumor microenvironment and angiogenesis
[23] making it challenging to identify subtype-specific
drivers of tumorigenesis. As a first step in this direction,
we identified genes differentially expressed between nor-
mal and tumor tissues among subtype-specific genes.
Genes differentially expressed between normal and
tumor tissues are more likely to be cancer drivers com-
pared to the genes with the same level of expression in
tumor and adjacent normal tissue [24]. We identified 110
papillary-specific genes that are differentially expressed
between normal and tumor tissue. Twenty genes specific
to mucinous LUAD were also differentially expressed
between normal and tumor tissue in mucinous LUAD,
while for the lepidic subtype there were seven and for the
solid subtype, six DE genes. Only one micropapillary-spe-
cific gene — ALX1 was differentially expressed between
normal and tumor tissue. To further narrow down the list
of potential subtype-specific candidate drivers among the
genes DE between normal and tumor tissue we checked if
they were reported to be important for lung carcinogene-
sis. We used the list of known lung cancer genes from the
recent review by Liu et al. [25]. The following genes were
considered candidates for adenocarcinoma subtype-spe-
cific driver genes. Two candidate driver genes were iden-
tified for the lepidic subtype: TMEM63A and NFATCA4.
For the micropapillary subtype ALX1 was identified as
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the only candidate driver. Four genes: SCGB2A2, AGR2,
FUT?2, and TMPRSS4 were identified as potential driv-
ers for mucinous LUAD. TTN was the only candidate
gene identified in the solid subtype. The largest number
of candidates, 29 genes, were identified for the papillary
subtype: TSTD1, LSM12, NUDT16L1, TMEM54, LRGI,
GSS, ARSD, TRIM2, GOLPH3L, TSEN34, EPCAM, ATIC,
ARMCY7, EIF6, TOR4A, TSPYLS5, TUBAIC, TMEM181,
SERPINDI, PDCD6, TIMMI7A, TACO1, TMTC4,
TAXIBP3, TMCO1, CXADR, POLB, TST, and CDHI. No
candidate genes were identified for the acinar subtype.
Many of the identified candidates have been shown to be
important for cancer development including lung adeno-
carcinoma. For example, the transmembrane proteins
(TMEM54) plays role in cell proliferation, migration,
invasion, and epithelial-mesenchymal transition [26].
LRG1 influences tumorigenesis by inducing vasculariza-
tion in solid tumors including lung tumors [27]. TRIM2 is
highly expressed in lung adenocarcinomas and influences
tumor cell proliferation, migration, and invasion in lung
adenocarcinoma [28]. Overexpression of GOLPH3 is
associated with poor survival in non-small-cell lung can-
cer [29]. EPCAM expression in lung tumors is modulated
by methylation and is associated with distant metastases
[30]. 5-Aminoimidazole-4-carboxamide ribonucleotide
formyltransferase/IMP cyclohydrolase (ATIC) facilitates
cell growth and migration in lung adenocarcinoma [31].
EIF6 is overexpressed in non—small cell lung cancer and
is associated with worse overall survival in lung adeno-
carcinoma [32]. It has been demonstrated that TSPYL5
is involved in cell growth and the resistance to radiation
in lung adenocarcinoma cells through the regulation of
PTEN/AKT pathway [33]. TUBA1C is a prognostic bio-
marker for lung adenocarcinoma modulating immune
cell infiltration in the tumor microenvironment [34]. It
has been demonstrated that high SERPINH1 expression
predicts poor prognosis in lung adenocarcinoma [35].
Genetic polymorphisms in PDCD6 genes are associated
with the risk of different cancers including lung adeno-
carcinoma [36]. Recent study found that TIMM17A over-
expression in lung adenocarcinoma and its association
with prognosis [37].

An unusual and surprising finding of the study was the
observation that gene expression in adjacent normal tis-
sue is also associated with histological subtype of lung
adenocarcinoma. We identified 38 subtype-specific genes
using comparative analysis of gene expression in adjacent
normal tissue only. The majority of them were detected
for the lepidic subtype. Interestingly, the number of
lepidic-specific genes detected by the analysis of gene
expression in normal tissue was higher than that identi-
fied in tumor tissue: 20 versus 10 genes. This difference
suggests that gene expression in adjacent normal tissue
may be may be as important as the gene expression in
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tumor tissue for the lepidic subtype. We have identified 9
solid-specific, 7 papillary-specific, and 2 micropapillary-
specific genes based on the analysis of the gene expres-
sion in adjacent normal lung tissue. Subtype-specific
genes identified by the analysis of gene expression in
adjacent normal tissue are different from subtype specific
genes identified based on the analysis of the gene expres-
sion in tumor tissues. Only five subtype-specific genes
identified using normal tissue analysis were among genes
detected by the analysis of gene expression in tumor
tissues.

In observational studies like ours it is impossible to say
if the specific tumor histology influences gene expression
in adjacent normal tissue, or the adjacent normal tissue
influences gene expression in tumor. The results of our
analysis suggest the importance of normal tissue when
we are looking for the genes associated with a specific
adenocarcinoma subtype.

We found that the lepidic subtype-specific genes iden-
tified by analysis of adjacent normal tissue significantly
overlap with the genes differentially expressed between
normal and tumor tissues of the lepidic subtype (Table 7).
Interestingly, the majority of identified subtype-specific
genes (50 out 55 genes) are upregulated in the lepidic
subtype compared to other subtypes and all the 40 differ-
entially expressed genes are upregulated in tumor tissue
compared to the adjacent normal. One plausible expla-
nation of the co-occurrence can be that gene expression
in the pre-disease lung might be critical for the develop-
ment of the lepidic subtype. We hypothesize that some
patients develop a “pro-lepidic” gene expression profile
as a result of tobacco smoking (as most LUAD patients,
including those with the lepidic subtype, are current or
former smokers), environmental exposures, and/or the
genetic make-up, which is in line with the fact that the
for the adjacent normal tissue, the highest number of
subtype-specific genes was identified for this subtype.
This “pro-lepidic” profile initiates cancer development
and can be further enhanced by somatic mutations,
CNVs or methylation of promotor regions that can sig-
nificantly modify gene expression [38—40]. The top
lepidic subtype-specific genes upregulated in tumor tis-
sue of lepidic LUAD include MS4A15, CAVIN2, CDOI,
TNNCI, and CASP12. All these genes are reported to be
cancer-related [41].

We also found a statistically significant co-occurrence
between the micropapillary subtype-specific genes and
the genes differentially expressed between normal and
tumor tissue in the micropapillary subtype; however, as
this result is based on a single gene, we are not sure that
this finding is real.

The results of the gene enrichment analysis differ for
the adjacent normal tissue- and tumor tissue-detected
subtype-specific genes. In the analysis of the adjacent
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normal tissue, the most significant finding was for the
lepidic subtype, enriched by “positive regulation of angio-
genesis” with the p-value =0.0002 after adjustment for
multiple testing. From the statistical point of view the
result is more significant compared to the enrichment
analysis based on the subtype-specific genes detected
by the analysis of gene expression in tumor tissue, which
showed enrichment by “mTOR signaling pathway’, p=
0.04. Acinar-specific genes detected by the analysis of
gene expression in normal tissue identified “mitochon-
drial translation” as top biological process, while no
biological function was identified for this subtype based
on subtype-specific genes identified in tumor. The top
biological function for the papillary subtype was “Posi-
tive regulation of tumor necrosis factor production”. For
the solid subtype we identified “Inflammatory response”
as the top function. Thus, gene enrichment analysis for
subtype-specific genes detected by the analysis of gene
expression in adjacent normal tissue identified a differ-
ent, complementary set of biological functions associ-
ated with individual subtypes, further supporting the
hypothesis that detection of subtype-specific genes based
on the analysis of the gene expression in adjacent normal
tissue can be useful for the understanding of molecu-
lar mechanisms underlying different subtypes of lung
adenocarcinoma.

The analysis of subtype co-occurrence demonstrated
that the presence of the lepidic subtype in a tumor
decreases chances to detect the micropapillary or solid
subtype in the same tumor. The lepidic subtype is char-
acterized by the largest number of subtype-specific genes
identified by the analysis of adjacent normal tissue and
these genes showed an enrichment for the positive regu-
lation of angiogenesis. It is possible that the lepidic sub-
type is promoted by normal lung tissue background with
increased angiogenesis. We find it challenging to explain
a positive correlation between the presence of acinar and
solid subtypes in the same tumor. For a solid subtype
there is a strong activation of immune response based on
results of the gene enrichment analysis. We found that
acinar-specific normal tissue genes are enriched by the
genes associated with “mitochondrial translation” func-
tion. It is possible that those two functions act synergisti-
cally helping both acinar and solid subtypes to propagate
in the same tumor.

One of the limitations of this study is that we cannot
tell if the differences in gene expression between sub-
types are due to the differences in gene expression in
tumor cells themselves, or they are the result of the dif-
ferences between subtypes in the cellular composition
that includes not only tumor cells but also infiltrating
immune cells, fibroblasts, etc. Thus, the differences in the
normalized RNA counts integrate (i) the differences in
gene expression within tumor cells and (ii) the possible
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differences in cellular composition. It is hard to quantify
the relative contribution of each source. The effect of cel-
lular composition is probably small because in the gene
enrichment analysis of subtype-specific genes we did not
see any significant enrichment for the genes specific for
immune cell types.

Our study has limitations in that the overall sample
size is limited and the number of tumors with a pure or
predominant subtype is also low. Therefore, further inde-
pendent studies are needed to verify the findings.

Conclusion

To conclude, we identified subtype-specific genes and
biological functions with some of them being extremely
statistically significant. Overlapping subtype specific
genes with the genes differentially expressed between
tumor and adjacent normal tissue in a given subtype
we have identified candidate driver genes for each sub-
type. The list of subtype-specific driver genes was fur-
ther refined by evidence that genes are important in lung
tumorigenesis. Intriguing finding of the study is a strong
evidence that gene expression in adjacent normal tissue is
associated and may influence tumor histology.
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