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Objectives: Solid predominant adenocarcinoma is considered an independent predictor of an unfavorable
prognosis in patients with stage I lung adenocarcinoma (LUAD). Furthermore, solid minor components are re-
lated to poor prognosis in patients with stage I LUAD. Therefore, it is imperative to elucidate the molecular
determinants of the malignant potential of solid components (SC). Several studies reported the gene expression
profiling specific for lepidic predominant adenocarcinoma or solid predominant adenocarcinoma, however;
there is no report identifying the differentially expressed genes (DEGs) between SC and acinar component (AC)
within the same tumor tissue in pathological (p)-stage I LUAD patients.

Materials and Methods: LUAD tissue samples containing both SC and AC were obtained from 8 patients with p-
stage I LUAD and each component was microdissected. Targeted RNA sequencing was performed by a high-
throughput chip-based approach.

Results: In total, 1272 DEGs were identified, including 677 upregulated genes and 595 downregulated genes in
SC compared with AC. The most highly upregulated gene was TATA binding protein associated factor 7 (TAF7)
and the most highly downregulated gene was homeobox B3 (HOXB3), which acts as a metastasis suppressor. A
protein-protein interaction (PPI) network analysis of upregulated genes in SC identified ribosomal protein S27a
(RPS27a) as a hub gene with the highest degree. First neighbors of RPS27a included PSMA6, which is a highly
promising target for lung cancer. The subnetwork of PD-L1 had 10 first neighbors, including CMTM6, which
enhances the ability of PD-L1-expressing tumor cells to inhibit T cells, The staining score for PD-L1 in SC was
significantly higher than that in AC by immunohistochemistry (p = 0.001).

Conclusion: Our results revealed several new DEGs and key PPI network in SC compared to AC, contributing to
understanding the biological features of SC and providing therapeutic targets for early-stage LUAD with SC in the
future,

1. Introduction

Adenocarcinoma is the most common histological type of lung
cancer in most countries, accounting for almost half of all lung cancer
cases [1]. Invasive adenocarcinoma shows heterogeneous morpholo-
gical features and is classified into lepidic, acinar, papillary, micro-
papillary, and solid subtypes based on the predominant histological
pattern [1].

Although surgical resection improves the long-term survival of pa-
tients with early-stage lung cancer, the 5-year survival rates for pa-
thological (p)-stage 1A1, IA2, IA3 and IB are 90 %, 85 %, 80 %, and 73

%, respectively, according to the eighth edition of the Tumor, Node and
Metastasis (TNM) Classification for lung cancer [2]. The histological
heterogeneity is considered to be a main contributor to differences in
clinical outcomes among patients with stage I lung adenocarcinoma
(LUAD). For example, several studies have shown that clinical out-
comes are unfavorable for solid predominant adenocarcinoma (SPA)
and/or micropapillary predominant adenocarcinoma in patients with
stage I LUAD [3-7]. We and others have reported that LUAD with a
solid component (SC) shows poor prognosis, even if the SC is not pre-
dominant [8-10]. However, the biological features of SC leading to
unfavorable prognosis are largely unknown. Rekhtman N, et al
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reported that solid pattern was over-represented in LUAD with KRAS
mutation [11]. On the other hand, Hu H, et al. reported that solid
pattern exhibited a significantly higher pan-negative mutation fre-
quency and a lower EGFR mutation frequency compared with non-solid
pattern [12], suggesting that the association between SC and driver
mutations remains controversial. This prompted us to investigate the
biological and molecular features of SC in patients with LUAD. Several
recent studies have reported the specific gene expression profiles for
lepidic predominant adenocarcinoma [13] or SPA [14-17]. However,
to our knowledge, differentially expressed genes (DEGs) between the SC
and acinar component (AC), which is also known as the most popular
component among the histologic subtype of LUAD [3,9], within the
same tumor tissue in patients with p-stage I LUAD have not been
identified. The comparison between SC and AC within the same tumor
tissue by targeted RNA sequencing [18] may be helpful for the identi-
fication of specific genes responsible for the malignant potential of SC.
These specific genes could contribute to understanding the biological
features of SC and the development of therapeutic applications in the
future. We performed the first gene expression profiling analysis of
different components within the same tumor tissues in patients with p-
stage I LUAD.

2. Materials and methods
2.1. Patient selection and histological evaluation

A total of 255 consecutive patients who underwent curative surgical
resection for LUAD diagnosed as p-stage IA1-IB according to the eighth
edition of TNM Classification from January 2014 to December 2017
were recruited. Among these patients, eight surgical specimens were
selected according to the following two criteria: (1) SPA with an acinar
component of > 10 % and (2) acinar predominant adenocarcinoma
with a solid component of > 10 %. Additionally, the area of cribriform
pattern in acinar component was evaluated. Supplementary Table 1
summarizes the patient’s backgrounds. The following specimens were
excluded: SPA with mucin, invasive adenocarcinoma with signet-ring
cell features or with a micropapillary component of > 1 %, and special
types of invasive adenocarcinoma, like colloid adenocarcinoma.
Patients who underwent neo-adjuvant treatment were also excluded.
Written informed consent for the use of data was obtained from all
patients, and the study was approved by the Tottori University Ethical
Review Board Japan (approval number; 17A124, March 8, 2018).

2.2. Sample preparation and RNA isolation

Surgically resected LUAD tissue was fixed in 10 % neutral buffered
formalin for 24-48 h and embedded in paraffin. Then, 10 pm-thick
sections were cut from paraffin blocks and attached to RNase-free
certified polyethylene naphthalate membrane glass slides (Leica
Microsystems, Wetzlar, Germany). These sections were deparaffinized
and stained with Paradise Plus Stain (ARCTURUS Paradise PLUS FFPE
LCM Staining Kit; Thermo Fisher Scientific, Waltham, MA, USA). SC
and AC were separately microdissected using the LMD7000 (Leica
Microsystems) and collected into 0.5 mL plastic tubes. Fig. 1 shows
representative images of SC and AC stained with hematoxylin and eosin
(Fig. 1A) or Paradise Plus Stain after laser capture microdissection
(Fig. 1B). Finally, total RNA was extracted from the microdissected
tissue using the Recover All Total Nucleic Acid Isolation Kit for FFPE
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
For RNA quality assessment, the DVaoo value was calculated using the
Agilent 2100 Bioanalyzer system according to the manufacturer’s in-
structions (Agilent Technologies, Santa Clara, CA, USA). Sample #5
exhibited RNA fragmentation and was excluded from the analysis. Fi-
nally, 14 samples were analyzed by next-generation sequencing.
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2.3. Targeted RNA sequencing

According to the manufacturer’s instruction, gene expression was
evaluated using an Ion Ampliseq™ Transcriptome Human Gene
Expression Kit (Thermo Fischer Scientific). Complementary DNA
(cDNA) was obtained from the reverse transcription of 100 ng of total
RNA using a SuperScript™ VILO™ cDNA Synthesis Kit (Thermo Fischer
Scientific). Libraries were prepared using an lon AmpliSeq™ Library Kit
Plus (Thermo Fischer Scientific) following by the amplification of tar-
gets using an Ion AmpliSeq™ Transcriptome Human Gene Expression
Panel (Thermo Fischer Scientific). Finally, libraries were loaded and
sequenced on the Ion Proton™ system using lonXpress™ Chip Type
P1.1.17 (Thermo Fischer Scientific).

2.4, Statistical analyses

Ton Proton Torrent Suit v5.0.5 (Thermo Fischer Scientific) was used
to map reads to the human genome hgl9 as a reference genome. Using
R v.3.51 (https://www.r-project.org), reads in raw sequence data files
were counted using featureCounts (http://bioconductor.org). Samples
with fewer than 1,000,000 reads were excluded and thus sample #6
was not suitable for analysis. Read counts for genes in six SC and six AC
samples were compared using pairwise likelihood ratio tests to identify
DEGs. False discovery rate (FDR) < 0.05 was used to estimate sig-
nificance. Log, (fold change) > 0 was set as the threshold to identify
upregulated genes in SC and loga (fold change) < 0 was used to identify
downregulated genes in SC. A gene ontology (GO) enrichment analysis
was performed to evaluate gene functions using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
Bioinformatics Resources 6.8 (https://david.nciferf.gov) and the GO
enrichment data were transferred to Reduce Visualize Gene Ontology
(REVIGO; http://revigo.irb.hr) for visualization [19]. Kyoto En-
cyclopedia Genes and Genomes (KEGG) pathway analyses were also
performed using DAVID. The protein-protein interaction (PPI) network
for all upregulated genes in SC was evaluated using the Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING) v.10.5 [20].
Based on the PPI information from the STRING database, the PPI net-
work of upregulated genes in SC was constructed using Cytoscape [21].

2.5. Immunohistochemical staining and evaluation

A total of 41 LUAD samples containing both AC (=10 %) and SC
(=10 %) were resected. After the sections (4 pm thick) were depar-
affinized and endogenous peroxidase activity was blocked, they were
pretreated in EDTA buffer (1 mM, pH 8.0) at 100 °C for 15 min (for PD-
L1), in citrate buffer (10 mM, pH 6.0) at 100 °C for 5 min (for TAF7), or
in citrate buffer (10 mM, pH 6.0) at 100 °C for 10 min (for HOXB3).
After cooling to room temperature, nonspecific binding was blocked by
blocking buffer (BLOCK ACE; Megmilk Snow Brand, Sapporo, Japan).
The sections were incubated at 4 °C overnight with an antibody for PD-
L1 (E1L3N, diluted 1:400; Cell Signaling Technology, Inc., Danvers,
MA, USA) [8], TAF7 (HPA006429, diluted 1: 500; Atlas Antibodides,
Stockholm, Sweden), or HOXB3 (ab83404, diluted 1:500; Ab¢am, Inc.,
Cambridge, UK). Samples were then incubated with EnVision + System
HRP (DAKO, Glostrup, Denmark) or VECTASTAIN Universal Elite ABC
Kit (Vector Laboratories, Inc., Burlingame, CA, USA) according to the
manufacture’s protocol. Finally, the slides were incubated with diami-
nobenzidine (DAB) solution (liquid DAB + substrate, imidazole — HCl
buffer, pH 7.5, containing hydrogen peroxide and anti-microbial agent;
DAKO) for 5 min (for PD-L1), 4 min (for TAF7), or 1 min (for HOXB3).
When cancer membranes for SC or AC were stained with a PD-L1 an-
tibody, regardless of the staining intensity, the cases were considered
PD-L1-positive. Samples were further divided into four categories ac-
cording to the ratio of PD-L1 expression as follows: =50 % (score 3),
10-49 % (score 2), 1-9 % (score 1), and < 1 % (score 0). When the
nuclei of SC or AC were stained with TAF7 antibody, the cases were
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considered TAF7-positive. TAF7 staining was quantified by following
two metrics: the immunostaining-positive area (score 3; =50 %, score
2; 10-49 %, score 1; 1-9 %, score 0; < 1 %), and the staining intensity
(score 3; 3+, score 2; 2+, score 1; 1+, score 0; 0). Staining scores of
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Fig. 1. A) Histology of the solid component (right half)
and acinar component (left half) in sample 2 (hema-
toxylin & eosin stain).
B) Histology after laser capture microdissection
(Paradise Plus Stain).
C) Volcano plot showing the pairwise comparison be-
tween solid component (SC) and acinar component
(AC) of lung adenocarcinoma. The horizontal dotted
line represents a false discovery rate (FDR) of 0.05 and
FDR < 0.05 was used as the threshold for the identi-
fication of differentially expressed genes (DEGs). Red
dots highlight genes that are upregulated in SC. Blue
dots highlight genes that are downregulated in SC.
D) Venn diagram showing the shared profile of the
upregulated and downregulated genes in SC.

TAF7 were then calculated by multiplying these two metrics. When the
nucleoli of SC or AC with more than 10 % were stained with HOXB3
antibody, regardless of the staining intensity, the samples were con-
sidered HOXB3-positive. All slides were evaluated by two pathologists
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Fig. 2. A) Heat map showing differentially expressed genes in the solid component (SC) and acinar component (AC).
B) A TreeMap summarizing enriched gene ontology (GO) terms for upregulated genes in the solid component. The size of the small square in the large segment is
proportionate to the number of GO terms.
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Fig. 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis. X-axis represents the fold enrichment value and Y-axis represents the
KEGG annotation cluster.

(Y.K. and Y.U.) and a final agreement was reached by discussion when
the initial evaluations differed. Positive and negative scores were
compared using the x” test and the scores for SC and AC were compared
using the Mann-Whitney U test Statistical significance was defined as
p < 0.05.

3. Results
3.1. Transcriptome sequencing and gene expression analyses

Two RNA-sequencing runs were performed for each set of samples
(1 set; 7 samples). In total, 12 million reads per sample were obtained
with a mean read length of 95 bp and, a Q20 corresponding to a pre-
dicted error rate of 1 % was 91.87 % (Supplementary Table 2). After
sequencing, sample #6 was not suitable for further analysis owing to
the poor quality and low quantity of RNA (Supplementary Fig. 1). Thus,
20,813 genes were obtained from the raw sequence data mapped to the
human reference genome hgl9. A good performance of normalization
using egdeR was achieved for 12 samples (Supplementary Fig. 2). In
total, 1272 DEGs were identified (FDR < 0.05), including 677 upre-
gulated genes in SC and 595 downregulated genes in SC (Fig. 1C, 1D
and Supplementary Fig. 2,3). The most highly upregulated gene in SC
was TATA binding protein associated factor 7 (TAF7) and the most
highly downregulated gene in SC was homeobox B3 (HOXB3). A
heatmap of DEGs showed a clear distinction between SC and AC
(Fig. 2A).

3.2. Enrichment analysis and protein-protein interaction network

In total, 137 GO terms in the biological process category were en-
riched in the upregulated genes in SC using the Annotation cluster tool
of the DAVID web server. REVIGO was used to summarize and visualize
the GO terms. Fifteen clusters with related functions were identified
and are represented by a TreeMap in Fig. 2B. In particular, the majority
of GO terms were associated with cell proliferation, including “mitotic
nuclear division” (35 GO terms) and “DNA replication” (34 GO terms)
(Supplementary Table 3, 4). In the KEGG pathway enrichment analysis
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Fig. 4. Protein—protein interaction (PPI) subnetworks.

A) PPI subnetwork of RPS27A, a hub gene.

B) PPI subnetwork of PSMA6.

C) Subnetwork of CD274 also known as programmed death ligand-1 (PD-L1).
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Fig. 5. A) Immunohistochemical staining patterns of PD-L1 in stage I lung
adenocarcinoma. Solid component (SC) on the left side was positive for PD-L1

and the acinar component (AC) on the right side was negative for PD-L1, The
inset shows an enlarged image of SC.
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B) Staining scores for SC and AC showed a significant difference (p = 0.001).

C) Representative immunohistochemical staining pattern of HOXB3 in stage 1
lung adenocarcinoma. Tumor cell nucleoli were positive for HOXB3 in AC.

of upregulated genes, eight significantly enriched pa'thways (p < 0.05)
were identified, including “DNA replication,” “RNA degradation,”
“Ubiquitin mediated proteolysis,” “Mismatch repair,” “Proteasome,”
“RNA transport,” “Cell cycle,” and “Terpenoid backbone biosynthesis”
(Fig. 3). Most of the pathways were related to cell proliferation, similar
to the enriched GO terms. In a network analysis, 658 proteins (nodes)
and 3517 interactions (edges) were included. The network was very
complicated; however, ribosomal protein S27a (RPS27a) was identified
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as a hub gene with the highest degree (Fig. 4A). RPS27a had 94 first
neighbors in this network, including PSMA6 (Fig. 4B). The subnetwork
of CD274, known as programmed death ligand 1 (PD-L1), had first
neighbors, including CKLF-like MARVEL transmembrane domain-con-
taining 6 (CMTM6) (Fig. 4C).

3.3. Immunohistochemical staining

Representative staining patterns for PD-L1 expression are shown in
Fig. 5A. Among 41 cases, 25 cases (61.0 %) showed positive im-
munostaining for PD-L1 in SC, while 12 cases (29.3 %) were positive in
AC (Table 1). The PD-L1-positive status differed significantly between
SC and AC (p = 0.01). The staining score for PD-L1 was significantly -
higher in SC than in AC (p = 0.001, Fig. 5B). Representative staining
patterns for TAF7 expression are shown in Supplementary Fig. 4A. The
staining score for TAF7 was tended to be higher in SC than in AC
(Supplementary Fig. 4B). Representative staining patterns for HOXB3
expression are shown in Fig. 5C. Among 41 cases, 10 cases (24.4 %)
showed positive immunostaining for HOXB3 in SC, while 26 cases (63.4
%) in AC (Table 1). HOXB3-positive status differed significantly be-
tween SC and AC (p = 0.007).

4. Discussion

SPA is considered an independent predictor of early recurrence or
progression-free survival in patients with stage 1 LUAD [4,22]. The
presence of solid pattern even as a minor component in stage I LUADs
predicts significantly worse prognosis compared to those without solid
pattern. [8]. The characteristic biological mechanisms underlying SPA
have been described, e.g., an invasive immunophenotype including in-
creased laminin-5 expression, aggressive tumor microenvironment with
higher immune evasion potential, and abundant stromal cells with
tumor-promoting function [23,24]. Recently, several studies have re-
ported the molecular profiles of SPA or SC in LUAD using tissue samples
[14,15] or databases [16,17]. Zabeck et al. identified inositol-1,4,5-
trisphosphate kinase A (ITPKA) as an upregulated gene in SC and an-
giogenin in the lepidic component (LC) [15]. Luo et al. reported that
DEGs between SPA and non-SPA are mainly involved in the regulation
of water and fluid transport [16]. Dong et al. reported that the ex-
pression of PD-L1 is increased in SPA [17]. One study to date has
compared the molecular profiles between SPA and acinar predominant
adenocarcinoma (APA) in stage | LUAD, showing that SPA is associated
with an enrichment in genes involved in RNA polymerase activity as
well as the inactivation of the p53 pathway [14]. Because APA is the
most frequent subtype in stage | LUAD [3,4], we performed the first
analysis of DEGs between SC and AC within the same tumor tissue. We
speculated that our approach may contribute to clarify the biological
and molecular features associated with the malignant potential of SC.
Although further evaluations are required to validate the TAF7 ex-
pression in a large number of patients with LUAD, we identified TAF7 as
the most highly upregulated gene in SC. TAF7 acts as a checkpoint
regulator in the transition from preinitiation complex (PIC) assembly to
transcription initiation [25]. Hao et al. reported that miR-374c-5p
suppresses breast cancer development via the TAF7-mediated tran-
scriptional regulation of DEP domain-containing 1 (DEPDC1), which is
an oncogene in several human cancers, including lung cancer, and is
required for biological processes of tumors, including cell proliferation,
apoptosis, and metastasis [26]. TAF7 is reportedly associated with the
maintenance of intracellular polyamine levels and the sensitivity to
methylglyoxal bis(guanylhydrazone) (MGBG), a polyamine analogue,
that induces apoptosis [27]. Furthermore, polyamine-dependent fluor-
escence probe was developed for selective detection of cancer cells
[28]. Our findings and these reports suggest that intracellular poly-
amine levels may be higher in SC than in AC and serve as a therapeutic
target for LUAD with SC. We identified HOXB3 as the most highly
downregulated gene in SC. HOXB3 is a transcription factor that act as a
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Table 1
The correlation between histological subtype and PD-L1 or HOXB3 status.

Lung Cancer 147 (2020) 56-63

PD-L1 Solid component, n (%) p value HOXB3 Solid component, n (%)

Positive Negative Positive Negative p value
Acinar component, n (%) Acinar component, n (%)
Positive 11 (26.8 %) 1(2.4 %) ° 0.01 Positive 10 (24.4 %) 16 (39.0 %) 0.007
Negative 14 (34.1 %) 15 (36.6 %) Negative 0 (0 %) 15 (36.6 %)

PD-L1; programmed death ligand 1, HOXB3; Homeobox B3.

metastasis suppressor and participates in cell apoptosis, proliferation,
migration, invasion, and epithelial-to-mesenchymal transition [29]. In
lung adenocarcinoma, epigenetic silencing of HOXB3 was reportedly
increased in the metastasizing tumor [30]. Our findings and these re-
ports suggest that epigenetic regulation may be involved in the for-
mation of malignant components, including SC, in LUAD. Additionally,
we found that HOXB3 protein was localized in the nucleoli of LUAD
cells. Several transcription factors and three homeobox proteins that
belong to the Hox family similar to HOXB3, namely HOXB7, HOXC6,
and HOXD4, were reported to exhibit the nucleolar localization
[31-34]. It has been revealed that nucleoli not only acts as a base of
ribosome production, which is main role of nucleoli, but also as a hub of
both negative and positive regulation of the tumor development [35],
suggesting that nucleolar distribution of HOXB3 may associated with
the control of nucleolus-dependent regulation in the LUAD develop-
ment. Further studies on in vitro and in vivo are required because there
are no therapeutic agents directly targeting either TAF7 or HOXB3;
however, they can be considered new therapeutic candidates for LUAD
with SC. We also observed that genes annotated with the specific GO
terms associated with cell proliferation were upregulated in SC com-
pared to AC. These observations suggest that molecular features based
on DEGs analysis reflect the pathological morphology of SC. Ad-
ditionally, the PPI network of upregulated genes in SC revealed that
RPS27a as one of hub gene with highest degree. RPS27a is a direct
transcriptional target of p53 and is overexpressed in response to DNA
damage and in renal, breast, and colon carcinomas [36]. Of the 94 first
neighbors in the RPS27a network, we focused on PSMAG6, a subunit of
the proteasome complex, because it is highly expressed in lung cancer
cells and is a promising target for lung cancer treatment [37]. PSMA6
has an oncogenic role in several types of cancer [37]. In turn, Shimoji
et al. reported that PD-L1 is expressed in 65 % of SPA but only 16 % of
non-SPA cases [38]. We provide the first evidence that the staining
score of PD-L1 is higher in SC than in AC within the same tumor tissue.
In addition, we focused on the subnetwork of CD274 (PD-L1), which
had 10 first neighbor genes, including CMTM®6, which encodes a ubi-
quitously expressed protein that binds to PD-L1 and maintains its cell
surface expression [39]. It enhances the ability of PD-L1-expressing
tumor cells to inhibit T cells [40]. Therefore, we plan to investigate the
correlation between PD-L1 and CMTM®6 expression in LUAD with SC.
Our study has several limitations. Gene expression analysis using NGS
includes the small sample size. Another limitation to this study is that
the specificity of DEGs for SC was not verified by comparison with other
component including lepidic, papillary, and micropapillary. Therefore,
further investigations are required to solve these points and identify the
therapeutic targets for improving the prognosis of LUAD with SC pa-
tients. }

5. Conclusions

We showed that TAF7 is highly upregulated and HOXB3 is highly
downregulated in SC compared to AC within the same tumor tissue. In
addition, we identified PSMA6, a key gene in lung cancer, as an upre-
gulated first neighbor in the RPS27a network, which is a direct tran-
scriptional target of p53. We also revealed that PD-L1 expression is
more common in SC than in AC within the same LUAD tissues. Although
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further experiments are needed to validate our findings and to clarify
the molecular mechanisms underlying the aggressiveness of SC, our
results pave the way for contributing to understanding the biological
properties leading to the unfavorable prognosis and developing the
therapeutic approaches for improving the prognosis in LUAD with SC
patients. ?
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