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Abstract: The trimeric transcription factor (TF) NF-Y regulates the CCAAT box, a DNA element
enriched in promoters of genes overexpressed in many types of cancer. The regulatory NF-YA is
present in two major isoforms, NF-YAl (“long”) and NF-YAs (“short”). There is growing indication
that NF-YA levels are increased in tumors. Here, we report interrogation of RNA-Seq TCGA
(The Cancer Genome Atlas)—all 576 samples—and GEO (Gene Expression Ominibus) datasets
of lung adenocarcinoma (LUAD). NF-YAs is overexpressed in the three subtypes, proliferative,
inflammatory, and TRU (terminal respiratory unit). CCAAT is enriched in promoters of tumor
differently expressed genes (DEG) and in the proliferative/inflammatory intersection, matching with
KEGG (Kyoto Encyclopedia of Genes and Genomes) terms cell-cycle and signaling. Increasing levels
of NF-YAs are observed from low to high CpG island methylator phenotypes (CIMP). We identified
166 genes overexpressed in LUAD cell lines with low NF-YAs/NF-YAl ratios: applying this centroid to
TCGA samples faithfully predicted tumors’ isoform ratio. This signature lacks CCAAT in promoters.
Finally, progression-free intervals and hazard ratios concurred with the worst prognosis of patients
with either a low or high NF-YAs/NF-YAl ratio. In conclusion, global overexpression of NF-YAs is
documented in LUAD and is associated with aggressive tumor behavior; however, a similar prognosis
is recorded in tumors with high levels of NF-YAl and overexpressed CCAAT-less genes.
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1. Introduction

Lung cancer is the second leading cause of death in males of industrialized countries, and is
a rising concern in females. There are several types of lung cancer, with the vast majority—80% to
90%—belonging to non-small cell lung carcinoma (NSCLC) [1]. Genetic and molecular characterization
of NSCLC tumors has clearly separated two fundamentally distinct types, lung squamous cell
carcinoma (LUSC) and lung adenocarcinoma (LUAD). LUSC and LUAD were further subclassified in
four and three sub-types, respectively, via gene expression analysis and identification of signatures [2,3].
Changes in transcriptomes upon cellular transformation are a consequence of genetic mutations and/or
epigenetic changes, which impact on transcription rates. In turn, these are ultimately caused by the
levels or usage of transcription factors (TFs) and chromatin modifying cofactors [4]. Alteration in
the protein structure or in the expression of specific TFs are causative of tumorigenic changes in
gene expression.

Gene expression analysis through microarray profilings found “signature” genes in many cancer
types; in addition to serving the scope of investigating mechanistically the role of single genes, these
studies were used to systematically identify TFBSs (transcription factor binding sites) in promoters
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of genes overexpressed in cancers. This exercise has often found the CCAAT box as specifically
enriched [5–10]. CCAAT is a well characterized and important DNA element of promoters and
enhancers; in promoters, it is located at a −60/−100 location from the TSS, and it is important for
high-level expression of the targeted genes [11]. NF-Y is the TF acting on the CCAAT box. It is formed
by the sequence-specific NF-YA and the histone fold domain (HFD) dimer NF-YB/NF-YC [5]. NF-YA is
alternatively spliced at the N-terminal, generating two major isoforms, “short” and “long”, differing in
28 amino acids. NF-YC is spliced at the C-terminal, generating multiple isoforms, of which the 37kD
and 50kD represent the most abundant, at the mRNA and protein levels. The splicings involve the
Gln-rich trans-activation domains (TAD) present in both NF-YA and NF-YC, hence generating isoforms
with identical HFD and DNA-binding properties, but potentially different activation potential [12,13].
These isoforms are expressed at various levels in different tissues and cell lines.

NF-Y genes are generally not mutated nor amplified in human cancers, yet the trimer is known
to activate many proliferative genes [14]. Indeed, no cell line has ever been shown to lack NF-Y
activity, and transient functional inactivation of NF-YA leads to cell-cycle arrest and apoptosis in
different cellular contexts. In addition, intersection of NF-Y genomic locations, as performed by
the vast ENCODE consortium, found robust co-binding with oncogenic TFs, such as E2Fs, FOS,
and MYC [15,16].

Compared to biochemical details of subunits interactions and DNA-binding, our knowledge
on mRNA expression levels of NF-Y subunits in human tumors lags behind—higher NF-YA levels
were reported in small cohorts of epithelial ovarian cancer [17,18], triple-negative breast cancers [19],
and gastric cancer [20,21]. For this reason, we have recently started to investigate the TCGA RNA-Seq
datasets—even a less than sophisticated view of the data found NF-YA overexpressed in tumors of
epithelial origin [22]. We then decided to systematically analyze them—so far, we have completed
analysis of breast carcinomas (BRCA) [22] and LUSC [23]. We report here on NF-Y subunit levels in lung
adenocarcinomas by interrogating RNA-Seq datasets of TCGA and of two independent studies [24–26].

2. Materials and Methods

2.1. RNA-Seq Datasets

As of July 2019, there were RNA-Seq data on 576 LUAD samples [26], including 517 primary
tumor samples and 59 non-tumor (normal) lung tissues. The data were downloaded from the
http://firebrowse.org/ webpage. As for the GSE40419 and GSE81089 datasets, we retrieved the fastq
files using the fastq-dump utility of the SRA toolkit 2.9.4 version. From the FASTQ files, we calculated
mRNA expression with RSEM-1.3.1. The same procedure was used to obtain mRNA expression values
of the 26 lung adenocarcinoma cell lines analyzed (DRP001919).

GSE81089 is a dataset of 198 NSCLC; using 42 genes validated classifier [27], we previously
sub-classified samples in LUAD and LUSC [23]. This specifically identified 91 LUAD samples, which are
analyzed in this study.

2.2. Classification of All TCGA LUAD Tumors

The current classification of LUAD in the three molecular subtypes made by TCGA referred to
230 tumors—we extended this to all LUAD tumors. To do this, the 506 genes previously validated
as signatures for the three subtypes were used for this task [3]; each gene was median centered on
all 517 LUAD samples and Pearson correlations were calculated between the predictor centroids and
TCGA samples. A TCGA tumor’s subtype prediction was given by the centroid with the largest
correlation value.

For the analyses involving LUAD cell lines, we calculated the median on each row (genes) of
LUAD tumors, and we subtracted from the expression value the median calculated per gene (row).
Then, we selected 166 upregulated genes in cell lines with low NF-YAs (“short”)/NF-YAl (“long”) ratio,
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used them as predictor centroid, and performed Pearson correlation to discriminate tumors with high
and low ratio.

2.3. Global Gene Expression Analysis

Differential gene expression (DEG) analysis of RNA-Seq data was performed using R package
DESeq2 [28]. The tumor versus normal expression fold change (FC) denotes upregulation or
downregulation according to the FC value. Log2FC, and the corresponding false discovery rate
(FDR), were reported by the R package. FDR < 0.01 and |log2FC| > 2 were set as inclusion criteria for
DEG selection in tumor/subtype versus normal samples. The same criteria were used to calculate
DEG in cell lines with a low NF-YAs/NF-YAl ratio vs. high ratio, after the partition of cell lines in low
(ratio < 1), intermediate (1 < ratio < 5), and high (ratio > 5).

2.4. Gene Ontology, Pathway Enrichment, and Transcription Factor Binding Site Analysis

We used KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/anno_iden.php) for pathway enrichment analysis
using the ENTREZ gene IDs. The TFBS and de novo motif analysis were performed as in [22,23].

2.5. Analysis of Clinical Data

We retrieved clinical data related to the TCGA LUAD samples, including progression-free
interval (PFI) time records of 345 patients, from the https://nborcherding.shinyapps.io/TRGAted/ web
page [29]. Survival analysis was performed according to the Kaplan–Meier analysis and log-rank
test [30]. Cox proportional hazard modeling of ratio and covariates was calculated to determine their
independent impact on patient’s survival and to estimate the corresponding hazard ratio setting with
the intermediate NF-YAs/NF-YAl ratio as the value of reference.

2.6. Statistical Analysis

Analyses were performed in the R programming environment (version 3.2.5), with the ggplot2,
ggsignif, reshape, ggpubr, clinfun, and heatmap.plus packages. Single comparisons between two
groups were performed with the Wilcoxon rank sum test, whereas the Jonckheere’s Trend Test was
used to verify significant trends between CIMP (CpG island methylation phenotype) and NF-YA global,
NF-YAs, NF-YAl, and NF-YAs/NF-YAl ratios in a pre-ranked dataset.

3. Results

3.1. NF-YA Was Overexpressed in Lung Tumors

We previously reported on NF-Y subunits in TCGA by Firebrowse (http://firebrowse.org/viewGene.
html), indicating that NF-YA, not NF-YB/NF-YC, is elevated in epithelial tumors [22], including LUAD.
We downloaded the entire set of 576 samples’ RNA-Seq dataset of TCGA [26] and confirmed that
NF-YA levels were indeed increased in cancer compared to normal controls (p-value 10−16); instead,
NF-YC had comparable levels and NF-YB was significantly (p-value 10−13) decreased (Figure 1A).
The mRNA levels of HFD subunits were found to be globally higher than those of NF-YA in normal
cells, but because of opposing changes, NF-YA and NF-YB levels were similar in tumors.

Next, we interrogated two additional RNA-Seq datasets. The first, GSE40419, was derived from a
Korean study of 89 LUAD [25]—mRNA levels of NF-YA were found to be substantially increased in
tumors (p-value 10−11); NF-YB was decreased (p value 10−8) and NF-YC was unchanged (Figure 1B).
The second study was derived from data on 198 NSCLC patients, mostly from Sweden [24], which we
previously reclassified using signature genes in 78 LUSC and 91 LUAD [23]; in the current study,
we focused on LUAD samples, and showed that NF-YA, but not the HFD subunits, was globally
increased (Figure 1C). In conclusion, we confirmed NF-YA overexpression in LUAD, a decrease of
NF-YB, and normal expression of NF-YC.

http://kobas.cbi.pku.edu.cn/anno_iden.php
https://nborcherding.shinyapps.io/TRGAted/
http://firebrowse.org/viewGene.html
http://firebrowse.org/viewGene.html


Genes 2020, 11, 198 4 of 17
Genes 2020, 11, x FOR PEER REVIEW 2 of 14 

 

Figure 1. NF-YA was overexpressed in lung adenocarcinoma (LUAD). (A) Box plots of expression 

levels of the three NF-Y subunits at gene level in the TCGA LUAD cohort, measured in TPMs 

(Transcripts per Millions). (B) Same as (A), except that the GSE40419 dataset was analyzed. (C) Same 

as (A), except that 91 LUAD tumors were analyzed from the previously classified non-small cell lung 
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BRCA [22]. We analyzed the splicing isoforms in LUAD, first in the TCGA dataset. In normal cells, 

balanced levels of the two isoforms were found (Figure 2A); NF-YAs was increased (p-value 10−23), 
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concur that there was an isoform switch in NF-YA, but not NF-YC isoforms in LUAD, from normal 
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Figure 1. NF-YA was overexpressed in lung adenocarcinoma (LUAD). (A) Box plots of expression levels
of the three NF-Y subunits at gene level in the TCGA LUAD cohort, measured in TPMs (Transcripts per
Millions). (B) Same as (A), except that the GSE40419 dataset was analyzed. (C) Same as (A), except that
91 LUAD tumors were analyzed from the previously classified non-small cell lung carcinoma (NSCLC)
GSE81089 dataset. p-values were calculated using a Wilcoxon signed-rank test.

3.2. Splicing Isoforms of NF-YA Were Differentially Regulated in LUAD

We previously found a substantial change in NF-YA, but not NF-YC isoform expression in
BRCA [22]. We analyzed the splicing isoforms in LUAD, first in the TCGA dataset. In normal cells,
balanced levels of the two isoforms were found (Figure 2A); NF-YAs was increased (p-value 10−23),
and NF-YAl decreased (p-value 10−10) in tumor samples. As for NF-YC, the predominant isoforms were
the 37 kD (NF-YC2) and 50 kD (NF-YC1) (Figure S1)—their levels were essentially similar in normal
and tumor samples. In the GSE40419 dataset, we observed a similar behavior (Figure 2B)—increase
of NF-YAs (p-value 10−18) and decrease of NF-YAl (p-value 10−8). The GSE81089 data also showed a
similar trend, less significant as to the NF-YAl decrease (Figure 2C). Again, NF-YC isoforms were overall
not changed tumors (Figure S1). Because of the NF-YAs increase and NF-YAl drop, the NF-YAs/NF-YAl
ratios were considerably increased in tumors (Figure 2D–F). Overall, these data concur that there was
an isoform switch in NF-YA, but not NF-YC isoforms in LUAD, from normal to tumor cells.
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Figure 2. Cont.Figure 2. NF-YA short isoform was overexpressed in LUAD. (A) Box plots of expression levels of
NF-YAs (“short”) and NF-YAl (“long”) in the TCGA LUAD dataset. (B) Same as (A), except that the
GSE40419 dataset was analyzed. (C) Same as (A), except that LUAD tumors of the GSE81089 dataset
were used. (D) Relative ratios of NF-YAs/NF-YAl in TCGA-LUAD. (E) Same as (D), except that the
GSE40419 dataset was analyzed. (F) Same as (D), except that the LUAD tumors of the GSE81089 dataset
were used.

3.3. Expression of NF-YA Isoforms in LUAD Subtypes

According to gene expression, pathways profilings, and clinical features, LUAD tumors were
classified in TRU (terminal respiratory unit, bronchioid), proximal-proliferative (PP, magnoid),
and proximal-inflammatory (PI, squamoid)—the NF-YA overexpression could be restricted to one (or
more) of the subtypes. TCGA has reported classification of 230 of the 517 tumors for which RNA-Seq
data are currently available [26]. We first extended the subtype classification to all TCGA tumors. To do
so, we used the gene signature as per Wilkerson et al. [3] and Girard et al. [27]. The new classification
of all TCGA tumors is in Table S1. Figure S2A documents the robustness of our procedure. First,
Venn diagrams show that the relative proportions were very similar—TRU were found to be 187,
PP were 152, and PI 178. Second, a heatmap of a small nine-gene signature clearly partitioned the
three subclasses (Figure S2B). Third, Figure S2C shows principal component analysis (PCA) of all
TCGA samples, with robust clustering of the three subgroups. We did not attempt to further classify
the GSE40419 and GSE81089 datasets, as the low numbers of individual subtypes would preclude
obtaining statistically robust results.

Having the complete list of TCGA LUAD subtypes, the levels of the three subunits were
compared. A global increase of NF-YA, specifically NF-YAs, was observed in all subtypes
(p-value < 2.7 × 10−20/22/23), whereas NF-YAl was significantly decreased (Figure 3A); consequently,
the NF-YAs/NF-YAl ratios increased in all subtypes (Figure 3B). NF-YB was decreased, particularly in
TRU (Figure 3C). As for NF-YC, there was a generalized increase in the less abundant NF-YC1 (50 kD)
isoform, not so evident for the predominant 37 kD isoform (Figure 3D).

TCGA previously classified LUAD samples according to the global methylation of CpG islands
(CIMP) in high (altered), intermediate, and low (normal) [26]—we stratified NF-YA expression
(total, NF-YAs, NF-YAl, and NF-YAs/NF-YAl ratio) according to the CIMP status. Figure S3 shows
the results—the CIMPhigh cluster had slightly higher levels of NF-YA, with an opposite trend of
NF-YAs (increased) and NF-YAl (decreased). Consequently, the NF-YAs/NF-YAl ratio increased in
CIMPhigh tumors.

In conclusion, overexpression of NF-YA was widespread and not restricted to specific subtype(s)
of LUAD, and changes in HFD subunits were overall modest. NF-YAshigh tumors associated with an
altered methylator phenotype.
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Figure 3. NF-YA was overexpressed in all LUAD subtypes. (A) Box plots represent the expression
of NF-YA isoforms at gene level in LUAD subgroups, measured in TPM. (B) NF-YAs/NF-YAl ratios
in the subgroups. (C) Same as (A), except that expression of NF-YB at gene level is shown. (D) Box
plots of expression of NF-YC isoforms at gene level in LUAD subgroups. NF-YC1—50 kD isoform.
NF-YC2—37 kD isoform. p-values were calculated using a Wilcoxon signed-rank test.

3.4. LUAD Differentially Expressed Genes (DEG) had CCAAT in Promoters

We compared RNA-Seq gene expression of all LUAD TCGA tumors to normal tissues. Using
a Log2 FC > 2, FDR < 0.01 threshold, 1470 genes were found to be overexpressed and 595 were
down-regulated (Figure 4A); the lists of all genes are found in Table S2. We then analyzed promoter
sequences (−450 to +50 from the TSS) with the Pscan software [31], which identifies enriched DNA
matrices present in the JASPAR database. The NF-Y matrix (NFYA/NFYB) was present in up-regulated
genes, with robust p-values, but not in down-regulated genes, where other matrices—Gata, TBP,
and FOX—predominate (Figure 4B). To further verify this finding, we ran another bioinformatic tool,
Weeder, which captures matrices in promoters with no a priori bias [32]. The results are found in
Figure 4C, showing that four of the top six matrices were related to CCAAT (or the reverse ATTGG).
Finally, we used KOBAS to identify KEGG pathways in up- and down-regulated genes—in the former,
cell-cycle, particularly related to the G2/M transition, came at the top of the list; in the latter, there was
a more diversified set of terms (Figure 4D). Signaling was enriched in both DEGs, and thus was not
very discriminatory.
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We then proceeded with a similar analysis of RNA-Seq of the three subtypes by using the threshold
criteria used above. The lists of DEG genes are found in Table S2. CCAAT was absent in overexpressed
genes in single subtypes. In pairwise matches, searches of TFBS found a robust enrichment of NF-Y
sites only in the PI/PP overexpressed genes, together with E2Fs and Sp1/KLFs DNA motifs (Figure S4A).
To confirm these findings, we ran Weeder on the PI/PP DEG cohort—Figure S4B shows retrieval of
five CCAAT logos as the most enriched DNA sites. Finally, we analyzed pathways of overexpressed
genes—Figure S4C shows that in the PI/PP commonly overexpressed cohort, the most statistically
enriched categories were related to cell-cycle.

We conclude that CCAAT was selectively present in genes overexpressed in LUAD at large,
and in a cohort of 472 genes commonly up-regulated in the PI and PP cohorts, with an enrichment of
proliferative cell-cycle genes.

Another interesting point to assess was the DEG of normal vs. tumor samples, partitioned
according to the NF-YAs/NF-YAl ratio. Figure S5 shows that in tumors with a high NF-YAs/NF-YAl
ratio (NF-YAshigh), the NF-Y site was dominant in the promoters of the 1762 upregulated genes, and the
prevalent KEGG terms were cell-cycle related. In the 1499 DEGs upregulated in tumors with a low
NF-YAs/NF-YAl ratio (NF-YAlhigh) we also found cell cycle genes, but extracellular matrix terms were
present. In this case, the NF-Y matrix dropped considerably in promoters of upregulated genes, and the
most enriched motifs were of Zn finger TFs (Figure S5).
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of enriched de novo matrices in promoters of upregulated genes. (D) Reactome pathways enriched in
upregulated genes (upper panel) and down-regulated genes (lower panel) listed according to their
p-value. The list was obtained using KOBAS.

3.5. Analysis of DEG in LUAD Cell Lines and Tumors

RNA-Seq data were available from 26 lung adenocarcinoma and 1 normal-like cell lines.
We analyzed these data, first to assess the NF-YAs and NF-YAl levels. A majority of cell lines,
16 in total, had large excess of NF-YAs, four—H1299, RERF.RC.OK, H1819, and H1703—had larger
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Figure 4. Gene expression analysis of LUAD TCGA tumors. (A) Up- and down-regulated genes
in LUAD versus normal lung tissues. NS, not significant. (B) Pscan analysis of enriched TFBS in
promoters (−450/+50 bps from the TSS) of up- and down-regulated genes in LUAD. (C) Weeder analysis
of enriched de novo matrices in promoters of upregulated genes. (D) Reactome pathways enriched in
upregulated genes (upper panel) and down-regulated genes (lower panel) listed according to their
p-value. The list was obtained using KOBAS.

3.5. Analysis of DEG in LUAD Cell Lines and Tumors

RNA-Seq data were available from 26 lung adenocarcinoma and 1 normal-like cell lines.
We analyzed these data, first to assess the NF-YAs and NF-YAl levels. A majority of cell lines,
16 in total, had large excess of NF-YAs, four—H1299, RERF.RC.OK, H1819, and H1703—had larger
amounts of NF-YAl, and the rest had balanced levels, with a modest prevalence of NF-YAs (Figure 5A).
We further checked the protein levels of the isoforms in selected cell lines. Figure 5B shows that H1437
had only NF-YAs, which paralleled the mRNA data (Figure 5A). At the opposite, H1299 had the highest
amount of NF-YAl, whereas H2228, H1650, and H1975 had intermediate levels of the two isoforms
with a prevalence of NF-YAs. In general, the mRNA and protein data were in very good agreement.

To categorize BRCA and LUSC tumors, assessing the NF-YAs/NF-YAl ratio was more useful
than the overall levels of the single subunits. We started a similar analysis with the LUAD cell lines
dataset, and the workflow is depicted in Figure 6A. Figure S6 shows partitioning of lines according to
high, intermediate, and low NF-YAs/NF-YAl ratios. Thereafter, we analyzed overexpressed genes in
seven cell lines with low ratio, below one, that is, with relatively high levels of NF-YAl (Figure S6).
We identified 166 genes commonly upregulated (FDR < 0.01 and log2 FC > 2), and 193 down-regulated.
These DEGs were used as centroids to analyze LUAD TCGA tumors. The heatmap in Figure 6B shows
a robust clustering of the 125 up-regulated cell lines related genes in the three tumors categories based
on real NF-YAs/NF-YAl ratio value. We discarded 41 genes whose median values were similar in
tumor tissues; in addition, significant Wilcoxon rank test (p-value 10−15) of mean expression within
tumors having a low NF-YAs/NF-YAl ratio is shown in Figure 6C.
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Figure 5. Expression levels of NF-YA isoforms in LUAD cell lines. (A) Relative levels of expression
of the two NF-YA isoforms (TPMs) of the indicated LUAD cell lines as determined by RNA-Seq
experiments. (B) Western blot analysis of NF-YA protein levels in the indicated representative LUAD
cancer cell lines. Vinculin was used as an internal loading control.

Reassured that this cell line-derived centroid was predictive of isoform ratio in tumors, we
performed KOBAS analysis on the up-regulated genes, finding terms such as collagen degradation,
extracellular matrix, and integrin as reflective of a loss of epithelial features. As a control, we ran
KOBAS on down-regulated genes in low ratio cell lines, with terms such as metabolism and signal
transduction, prominent in the pro-proliferative signature of high ratio tumors with relatively high
NF-YAs, being found in this cluster (Figure S7). In summary, we can conclude that NF-YAshigh cell
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lines and tumors had a proliferative signature, whereas higher levels of NF-YAl were associated with a
different signature.
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Figure 6. Identification and validation of a gene signature in NF-YAs/NF-YAl low ratio cell lines.
(A) Overall scheme of the analysis. (B) Heatmap of expression levels of 125 genes identified as
upregulated in low ratio cell lines. Color key indicates the Z-score. (C) Boxplots of NF-YAs/NF-YAl ratio
distribution across TCGA LUAD samples after partitioning based on cell line signature. Analysis of the
130 centroid genes in LUAD tumors with high and low NF-YAs/NF-YAl ratios. p-values were calculated
using a Wilcoxon signed-rank Z-test with Bonferroni correction.

3.6. LUAD Subclasses Had Different NF-YAs/NF-YAl Ratios

We wondered whether there would be any skewing in LUAD subtypes on the basis of partitioning
of high vs. low NF-YAs/NF-YAl ratios. To assess this, we took two approaches. First, we considered
the cell line gene expression centroid used above to partition tumors arbitrarily into high and low
ratios. Figure 7A shows that in tumors predicted to be high ratio, on the basis of DEGs, the majority
(44%) were of the PP sub-type, and PI was only 22%. The opposite happened with those predicted
to be low ratio, 47% were PI and only 15% were PP. To verify this, we stratified all TCGA tumors on
the basis of the actual NF-YAs/NF-YAl ratio, monitoring the partition between the three subclasses.
Figure 7B shows that in PP tumors, the vast majority (45%) were high ratio, and, conversely, in the PI
subclass, most (44%) were low ratio. As for TRU tumors, they showed a similar distribution of high
and low NF-YAs/NF-YAl ratios. In conclusion, these data concurred that the centroid identified in cell
lines was also predictive of NF-YAs/NF-YAl ratio in subclasses, and indicated that there was indeed
skewing, specifically in PI vs. PP tumors.
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Figure 7. LUAD subclasses have different NF-YAs/NF-YAl ratios. (A) Subgroup distribution of
LUAD tumors partitioned in high (left) and low (right) NF-YAs/NF-YAl ratios, according to the cell
line-based centroids. (B) Subgroup distribution of LUAD tumors partitioned on the basis of sample
NF-YAs/NF-YAl ratios.

3.7. Clinical Outcomes of NF-YA Isoform Ratios in LUAD

We next considered clinical data of tumors with low and high NF-YAs/NF-YAl ratios. We correlated
ratios with progression-free intervals (PFI) [30], by considering all tumors for which clinical features
were available (345 in total) partitioned into three cohorts: first quartile with NF-YAshigh, last quartile
with NF-YAlhigh, and the two middle quartiles with intermediate levels of the isoforms. The curves
of Figure 8A show a drop in PFI in patients with either high or low ratios, compared to those with
intermediate ratios (p-value 0.024).

LUAD has four clinical stages (I–IV). Figure 8B shows hazard ratios increasing significantly
already at stage II; no effect on gender nor subclass (PI set as standard) was scored. Instead, setting
intermediate NF-YAs/NF-YAl ratio as a reference, we reported a statistically increased hazard both in
high (1.83, p-value 0.003) and in low ratio tumors (1.71, p-value 0.011). We conclude that the clinical
outcome of LUAD was impacted by the relative levels of the NF-YA isoforms, and a worse prognosis
was observed in patients with either high or low NF-YAs/NF-YAl ratios.
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Figure 8. Clinical outcome of LUAD tumors with different NF-YAs/NF-YAl ratios. (A) Progression-free
interval curves of survival probability of LUAD tumors with stratification according to quartiles of
NF-YAs/NF-YAl ratios (intermediate, high, and low). (B) Hazard ratios of the three cohorts as above,
according to stage (I–IV), gender, sub-type (Basal set as reference), and NF-YAs/NF-YAl ratios. p-values
were calculated using a Cox proportional hazards regression analysis (See Section 2.5).
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4. Discussion

Alteration of the expression of NF-YA in tumors has only very recently received attention,
including from our lab. As the third chapter of our systematic interrogation of NF-Y expression in
human tumors, we have provided analysis of LUAD in TCGA and two independent RNA-Seq datasets
of patients with different ethnic backgrounds, as well as cell lines. The relative expression levels of the
two major NF-YA isoforms, whose logic has been missing for decades, is becoming clearer, at least
in tumors of epithelial origin. The data confirm and extend to LUAD three types of results: the high
frequency of CCAAT boxes in promoters of genes globally overexpressed in cancer; the increased
expression of the NF-YA “short” subunit in most, but not all tumors and concomitant decrease of
NF-YAl; the worse clinical outcome of tumors with high, as well as low NF-YAs/NF-YAl ratios.

CCAAT boxes abundance in promoters of genes overexpressed in different types of cancers was
shown a decade ago in microarray profiling experiments [5]. This set of reports culminated in a
vast Oncomine microarray analysis, finding CCAAT as one of the most represented matrices [10].
Recent analysis of quantitatively more precise sets of RNA-Seq data confirm this [8,9]. We have
started to tackle this issue systematically, analyzing breast carcinomas (BRCA) and lung squamous
cell carcinomas (LUSC), finding that promoters of overexpressed DEGs are indeed CCAAT-enriched.
As a corollary, these CCAAT genes are pro-proliferative, centered on cell-cycle and signaling GO
terms [22,23]. LUAD data confirm this, with one notable difference: although CCAAT was enriched in
the core sets of overexpressed DEG common to all molecular subtypes of BRCA and LUSC, in LUAD,
only the PP/PI intersection had the typical DEG profile with CCAAT and cell-cycle terms; TRU tumors
lacked it.

A few points can be made about these findings. First, CCAAT has yet to be found in promoters
of genes down-regulated in cancer. Our data on down-regulated DEG in LUAD are yet another
confirmation of this. Because CCAAT is a relatively frequent element of human promoters, found in
metabolic, inducible, tissue-specific genes as well, this dichotomy is indicative of systematic differences
in promoter “structure” of DEG genes. Second, NF-Y is essential for activation of many cell-cycle genes,
particularly all G2/M genes, a hallmark of the “proliferative” signatures often detected in cancers [5].
Third, as in BRCA and LUSC, CCAAT is joined by selected TFBSs belonging to the E2Fs and GC-rich
galaxies. Robust evidence of colocalization, as well as functional interplay on selected promoters, have
been reported for E2F1/4 and Sp1/Sp2 [5,14,33–35]. In particular, the role of overexpressed E2F family
members in lung cancer is well documented [36,37]. It is becoming clear that a much closer structural
attention must be paid to the fine structure of this class of promoters in order to eventually understand
TF synergistic themes.

A further notable difference with respect to BRCA and LUSC is that NF-YB was found to be less
expressed in LUAD with respect to normal samples, with the number of mRNA molecules approaching
that of NF-YA, which is usually the least expressed of the subunits at the mRNA level. Thus, the excess
of NF-YC mRNAs, already reported in BRCA and LUSC, was found to be even more pronounced.
This expression dichotomy needs to be understood from the protein standpoint, as HFDs are apparently
obligate heterodimers, very much like core histones H2A/H2B or H3/H4. This is even more so because
NF-YA and NF-YB are nuclear proteins, but NF-YC is also found in the cytoplasm, including after
overexpression of Flag- and GFP-tagged proteins. Indeed, it was shown as becoming stably nuclear
only through a piggy-back mechanism mediated by NF-YB association [38,39]. Hence, a decrease of
NF-YB expression in LUAD, irrespective of an increase of NF-YC in tumors, might entail a decrease
of nuclear HFD subunits. Why is more NF-YA expressed in tumors if the nuclear levels of NF-YB,
and hence the HFDs, become lower and potentially limiting? Obviously, control of protein levels via
post-transcriptional mechanisms might alleviate and balance this apparent paradox. For example,
the half-life of the NF-YA proteins was calculated in 1–2 h, much shorter than that of NF-YB. All these
aspects, escaping the present analysis, deserve further consideration.

The third difference with respect to our previous analysis concerns the population of tumors having
low NF-YAs/NF-YAl ratios. We recently showed that a BRCA NF-YAlhigh population is specifically
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restricted to Claudinlow tumors, a portion of the Basal-like subtype; a cohort of tumors with these
features also exists in LUAD but, similarly to LUSC, they do not belong to any of the molecularly
characterized tumor subtypes.

The two major NF-YA splicing isoforms differ in the Gln-rich trans-activation domain (TAD),
with NF-YAl harboring 28/29 extra aminoacids coded by Exon 3. The C-terminal subunits-interaction
and DNA-binding parts are shared by NF-YAs and NF-YAl, leading to similar trimerization and
CCAAT-binding of the two isoforms. Thus, differential splicing is predicted to affect activation potential,
and data supporting this were reported in mESCs (Mouse Embryonic Stem Cells) [40]. The mechanistic
details, for the time being, are completely unknown.

Our gene expression profiles in LUAD cell lines identified DEG up-regulated in NF-YAlhigh

cells, which were found to be mostly down-regulated in NF-YAshigh cells. This signature was used
to characterize TCGA tumors with a low NF-YAs/NF-YAl ratio—we confirmed that this pattern can
be observed in a discrete cohort of LUAD tumors in vivo. Remarkably, the PFI curves were similar
to those with NF-YAshigh, namely, worse than those of patients with intermediate isoforms levels.
We showed that this group of genes had two important features: a pro-migration (extracellular
matrix/collagen) signature and the absence of CCAAT in the promoters. The first was visibly different
from the proliferative signature associated to the bulk of NF-YAshigh tumors. The second signaled that
NF-YAl activity is very likely exerted indirectly—not through CCAAT-binding and direct activation of
all genes, but on very selected TF regulators, yet to be identified.

5. Conclusions

Tumors with intermediate NF-YAs/NF-YAl ratios were found to have better prognosis, suggesting
that the balance between the two subunits is important. High amounts of NF-YAl, compared to
NF-YAs, drove a program of overexpression of mesenchymal genes, not targeted by NF-YAs. We can
hypothesize that lower amounts of NF-YAl could be unable to do that, while competing with NF-YAs
on pro-growth, cell cycle promoters, with a different functional outcome. Similarly, lower amounts of
NF-YAs would be less efficient in activating these genes. Clearly, all this needs to be verified at the
single cell level, a task that is important to perform in the future to clarify these issues. Note that we
reported an identical scenario in LUSC and a similar scenario in BRCA, but specific only to Basal-like
tumors; thus, a trend is becoming apparent, at least in epithelial tumors. The identification of the
NF-YAl-targeted TFs promoting expression of mesenchymal genes should also be considered a priority.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/2/198/s1.
Figure S1: Splicings of NF-YC. (A) Box plots represent the expression levels of NF-YC isoforms across TCGA
dataset. (B) NF-YC splicing isoforms in GSE404119. (C) NF-YC1 and NF-YC2 in GSE81089. NF-YC1 isoform
encodes for the 50 kD protein whereas NF-YC2 encodes for 37 kD. Figure S2: Partitioning of LUAD TCGA tumors
in molecular subtypes. (A) Venn diagrams of the three LUAD subtypes—smaller circles represent previous TCGA
classification of 230 tumors and larger circles represent complete classification of all LUAD tumors. (B) Heatmap
of LUAD samples using nine signature genes, on the basis of the molecular classification [3]. (C) PCA (principal
component analysis) of the LUAD subtype samples classified according to the gene signature described by
Girard et al. Figure S3: NF-YA expression in CpG island methylation phenotypes. (A) Box plots showing the
expression levels of NF-YA in CpG island methylator phenotype (CIMP)-L, CIMP-I, and CIMP-H. (B) Same as (A),
but with NF-YAs expression. (C) Levels of NF-YAl in the three methylation status classes. (D) NF-YAs/NF-YAl
ratio in low, intermediate, and high CpG island methylated tumors. Figure S4: Gene expression analysis of
the three LUAD subgroups. (A) Venn diagram of the genes overexpressed in the four subgroups of LUAD.
Pscan analysis of the TFBS enriched in the 472 overexpressed genes, both in proliferative and inflammatory
subtypes. (B) Weeder analysis of the novo motif identification of sites enriched in promoters of the 472 genes
over-expressed in inflammatory and proliferative subtypes. p-values were calculated using a Wilcoxon signed-rank
Z-test with Bonferroni correction. (C) KEGG terms enriched in the same 472 upregulated genes. Figure S5:
KEGG-enriched terms in LUAD high or low NF-YAs/NF-YAl ratio tumors vs. normal samples. (A) KEGG-enriched
terms in LUAD high NF-YAs/NF-YAl ratio tumors vs. normal sample upregulated genes (left panel) and Pscan
analysis of the TFBS enriched in the in overexpressed genes (right panel). (B) KEGG-enriched terms in LUAD low
NF-YAs/NF-YAl ratio tumors vs. normal sample upregulated genes (left panel) and Pscan analysis of the TFBS
enriched in the in overexpressed genes (right panel). Figure S6: Table of lung adenocarcinoma cell lines. List of
LUAD cell lines names, NF-YAs/NF-YAl ratio values, and ratio classes: low (ratio < 1), intermediate (1 < ratio < 5),
and high (ratio > 5). Figure S7: KEGG-enriched terms in LUAD low vs. high NF-YAs/NF-YAl ratio cell lines.
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Pathways enriched in up-regulated genes (upper panel) and down-regulated genes (lower panel) of low compared
to high ratio cell lines.

Author Contributions: Formal analysis, E.B., M.R., and V.A.; investigation, V.S. and D.D.; writing—original draft
preparation, D.D. and R.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by supported by AIRC (Associazione Italiana Ricercar sul Cancro) grant
19050 to R.M. and Ministero della Salute GR-2013-02355625 to D.D.

Acknowledgments: We thank P. Gandellini and N. Gnesutta for comments and critical reading of the manuscript,
as well as M. Marabese for gifting the LUAD cell lines.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, Z.; Fillmore, C.M.; Hammerman, P.S.; Kim, C.F.; Wong, K.K. Non-small-cell lung cancers:
A heterogeneous set of diseases. Nat. Rev. Cancer 2014, 14, 535–546. [CrossRef] [PubMed]

2. Wilkerson, M.D.; Yin, X.; Hoadley, K.A.; Liu, Y.; Hayward, M.C.; Cabanski, C.R.; Muldrew, K.; Miller, C.R.;
Randell, S.H.; Socinski, M.A.; et al. Lung squamous cell carcinoma mRNA expression subtypes are
reproducible, clinically important, and correspond to normal cell types. Clin. Cancer Res. 2010, 16, 4864–4875.
[CrossRef] [PubMed]

3. Wilkerson, M.D.; Yin, X.; Walter, V.; Zhao, N.; Cabanski, C.R.; Hayward, M.C.; Miller, C.R.; Socinski, M.A.;
Parsons, A.M.; Thorne, L.B.; et al. Differential pathogenesis of lung adenocarcinoma subtypes involving
sequence mutations, copy number, chromosomal instability, and methylation. PLoS ONE 2012, 7, e36530.
[CrossRef] [PubMed]

4. Levine, M.; Cattoglio, C.; Tjian, R. Looping back to leap forward: Transcription enters a new era. Cell 2014,
157, 13–25. [CrossRef] [PubMed]

5. Dolfini, D.; Gatta, R.; Mantovani, R. NF-Y and the transcriptional activation of CCAAT promoters. Crit. Rev.
Biochem. Mol. Biol. 2012, 47, 29–49. [CrossRef]

6. Shi, Z.; Derow, C.K.; Zhang, B. Co-Expression module analysis reveals biological processes, genomic gain,
and regulatory mechanisms associated with breast cancer progression. BMC Syst. Biol. 2010, 4, 74. [CrossRef]

7. Gusev, Y.; Riggins, R.B.; Bhuvaneshwar, K.; Gauba, R.; Sheahan, L.; Clarke, R.; Madhavan, S. In silico
discovery of mitosis regulation networks associated with early distant metastases in estrogen receptor
positive breast cancers. Cancer Inform. 2013, 12, 31–51. [CrossRef]

8. Andrews, E.; Wang, Y.; Xia, T.; Cheng, W.; Cheng, C. Contextual refinement of regulatory targets reveals
effects on breast cancer prognosis of the regulome. PLoS Comput. Biol. 2017, 13, e1005340. [CrossRef]

9. Zuo, Z.G.; Zhang, X.F.; Ye, X.Z.; Zhou, Z.H.; Wu, X.B.; Ni, S.C.; Song, H.Y. Bioinformatic analysis of RNA-seq
data unveiled critical genes in rectal adenocarcinoma. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 3017–3025.

10. Goodarzi, H.; Elemento, O.; Tavazoie, S. Revealing global regulatory perturbations across human cancers.
Mol. Cell 2009, 36, 900–911. [CrossRef]

11. Dolfini, D.; Zambelli, F.; Pavesi, G.; Mantovani, R. A perspective of promoter architecture from the CCAAT
box. Cell Cycle 2009, 8, 4127–4137. [CrossRef]

12. Li, X.Y.; Hooft van Huijsduijnen, R.; Mantovani, R.; Benoist, C.; Mathis, D. Intron-Exon organization of the
NF-Y genes. Tissue-Specific splicing modifies an activation domain. J. Biol. Chem. 1992, 267, 8984–8990.
[PubMed]

13. Ceribelli, M.; Benatti, P.; Imbriano, C.; Mantovani, R. NF-YC complexity is generated by dual promoters and
alternative splicing. J. Biol. Chem. 2009, 284, 34189–34200. [CrossRef] [PubMed]

14. Gurtner, A.; Manni, I.; Piaggio, G. NF-Y in cancer: Impact on cell transformation of a gene essential for
proliferation. Biochim. Biophys. Acta 2017, 1860, 604–616. [CrossRef] [PubMed]

15. Fleming, J.D.; Pavesi, G.; Benatti, P.; Imbriano, C.; Mantovani, R.; Struhl, K. NF-Y coassociates with FOS at
promoters, enhancers, repetitive elements, and inactive chromatin regions, and is stereo-positioned with
growth-controlling transcription factors. Genome Res. 2013, 23, 1195–1209. [CrossRef] [PubMed]

16. Xie, D.; Boyle, A.P.; Wu, L.; Zhai, J.; Kawli, T.; Snyder, M. Dynamic trans-acting factor colocalization in
human cells. Cell 2013, 155, 713–724. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc3775
http://www.ncbi.nlm.nih.gov/pubmed/25056707
http://dx.doi.org/10.1158/1078-0432.CCR-10-0199
http://www.ncbi.nlm.nih.gov/pubmed/20643781
http://dx.doi.org/10.1371/journal.pone.0036530
http://www.ncbi.nlm.nih.gov/pubmed/22590557
http://dx.doi.org/10.1016/j.cell.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24679523
http://dx.doi.org/10.3109/10409238.2011.628970
http://dx.doi.org/10.1186/1752-0509-4-74
http://dx.doi.org/10.4137/CIN.S10329
http://dx.doi.org/10.1371/journal.pcbi.1005340
http://dx.doi.org/10.1016/j.molcel.2009.11.016
http://dx.doi.org/10.4161/cc.8.24.10240
http://www.ncbi.nlm.nih.gov/pubmed/1577736
http://dx.doi.org/10.1074/jbc.M109.008417
http://www.ncbi.nlm.nih.gov/pubmed/19690168
http://dx.doi.org/10.1016/j.bbagrm.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27939755
http://dx.doi.org/10.1101/gr.148080.112
http://www.ncbi.nlm.nih.gov/pubmed/23595228
http://dx.doi.org/10.1016/j.cell.2013.09.043
http://www.ncbi.nlm.nih.gov/pubmed/24243024


Genes 2020, 11, 198 16 of 17

17. Mamat, S.; Ikeda, J.; Tian, T.; Wang, Y.; Luo, W.; Aozasa, K.; Morii, E. Transcriptional regulation of aldehyde
dehydrogenase 1A1 gene by alternative spliced forms of nuclear factor Y in tumorigenic population of
endometrial adenocarcinoma. Genes Cancer 2011, 2, 979–984. [CrossRef]

18. Cicchillitti, L.; Corrado, G.; Carosi, M.; Dabrowska, M.E.; Loria, R.; Falcioni, R.; Cutillo, G.; Piaggio, G.;
Vizza, E. Prognostic role of NF-YA splicing isoforms and Lamin A status in low grade endometrial cancer.
Oncotarget 2017, 8, 7935–7945. [CrossRef]

19. Yang, C.; Zhao, X.; Cui, N.; Liang, Y. Cadherins associate with distinct stem cell-related transcription factors to
coordinate the maintenance of stemness in triple-negative breast cancer. Stem Cells Int. 2017, 2017. [CrossRef]

20. Cao, B.; Zhao, Y.; Zhang, Z.; Li, H.; Xing, J.; Guo, S.; Qiu, X.; Zhang, S.; Min, L.; Zhu, S. Gene regulatory
network construction identified NFYA as a diffuse subtype-specific prognostic factor in gastric cancer.
Int. J. Oncol. 2018, 53, 1857–1868. [CrossRef]

21. Bie, L.Y.; Li, D.; Mu, Y.; Wang, S.; Chen, B.B.; Lyu, H.F.; Han, L.L.; Nie, C.Y.; Yang, C.C.; Wang, L.; et al.
Analysis of cyclin E co-expression genes reveals nuclear transcription factor Y subunit alpha is an oncogene
in gastric cancer. Chronic Dis. Transl. Med. 2018, 5, 44–52. [CrossRef] [PubMed]

22. Dolfini, D.; Andrioletti, V.; Mantovani, R. Overexpression and alternative splicing of NF-YA in breast cancer.
Sci. Rep. 2019, 9, 12955. [CrossRef] [PubMed]

23. Bezzecchi, E.; Ronzio, M.; Dolfini, D.; Mantovani, R. NF-YA overexpression in lung cancer: LUSC. Genes
2019, 10, 937. [CrossRef]

24. Mezheyeuski, A.; Bergsland, C.H.; Backman, M.; Djureinovic, D.; Sjöblom, T.; Bruun, J.; Micke, P. Multispectral
imaging for quantitative and compartment-specific immune infiltrates reveals distinct immune profiles that
classify lung cancer patients. J. Pathol. 2018, 244, 421–431. [CrossRef] [PubMed]

25. Seo, J.S.; Ju, Y.S.; Lee, W.C.; Shin, J.Y.; Lee, J.K.; Bleazard, T.; Lee, J.; Jung, Y.J.; Kim, J.O.; Shin, J.Y.; et al.
The transcriptional landscape and mutational profile of lung adenocarcinoma. Genome Res. 2012, 22,
2109–2119. [CrossRef] [PubMed]

26. Cancer Genome Atlas Network. Comprehensive molecular characterization of lung adenocarcinoma. Nature
2014, 511, 543–550. [CrossRef] [PubMed]

27. Girard, L.; Rodriguez-Canales, J.; Behrens, C.; Thompson, D.M.; Botros, I.W.; Tang, H.; Xie, Y.; Rekhtman, N.;
Travis, W.D.; Wistuba, I.I.; et al. An expression signature as an aid to the histologic classification of non-small
cell lung cancer. Clin. Cancer Res. 2016, 22, 4880–4889. [CrossRef]

28. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014, 15, 550. [CrossRef]

29. Borcherding, N.; Bormann, N.L.; Voigt, A.P.; Zhang, W. TRGAted: A web tool for survival analysis using
protein data in the Cancer Genome Atlas. F1000Research 2018, 7, 1235. [CrossRef]

30. Therneau, T. A Package for Survival Analysis, Version 2.38; Springer: New York, NY, USA, 2015.
31. Zambelli, F.; Pesole, G.; Pavesi, G. Pscan: Finding over-represented transcription factor binding site motifs in

sequences from co-regulated or co-expressed genes. Nucleic Acids Res. 2009, 37, W247–W252. [CrossRef]
32. Pavesi, G.; Mereghetti, P.; Mauri, G.; Pesole, G. Weeder Web: Discovery of transcription factor binding sites

in a set of sequences from co-regulated genes. Nucleic Acids Res. 2004, 32, W199–W200. [CrossRef]
33. Linhart, C.; Elkon, R.; Shiloh, Y.; Shamir, R. Deciphering transcriptional regulatory elements that encode

specific cell cycle phasing by comparative genomics analysis. Cell Cycle 2005, 4, 1788–1797. [CrossRef]
34. Halperin, Y.; Linhart, C.; Ulitsky, I.; Shamir, R. Allegro: Analyzing expression and sequence in concert to

discover regulatory programs. Nucleic Acids Res. 2009, 37, 1566–1579. [CrossRef] [PubMed]
35. Dolfini, D.; Zambelli, F.; Pedrazzoli, M.; Mantovani, R.; Pavesi, G. A high definition look at the NF-Y

regulome reveals genome-wide associations with selected transcription factors. Nucleic Acids Res. 2016, 44,
4684–4702. [CrossRef] [PubMed]

36. Park, S.A.; Platt, J.; Lee, J.W.; López-Giráldez, F.; Herbst, R.S.; Koo, J.S. E2F8 as a novel therapeutic target for
lung cancer. J. Natl. Cancer Inst. 2015, 107. [CrossRef] [PubMed]

37. Gao, Z.; Shi, R.; Yuan, K.; Wang, Y. Expression and prognostic value of E2F activators in NSCLC and subtypes:
A research based on bioinformatics analysis. Tumor Biol. 2016, 37, 14979–14987. [CrossRef] [PubMed]

38. Frontini, M.; Imbriano, C.; Manni, I.; Mantovani, R. Cell cycle regulation of NF-YC nuclear localization.
Cell Cycle 2004, 3, 217–222. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/1947601911436009
http://dx.doi.org/10.18632/oncotarget.13854
http://dx.doi.org/10.1155/2017/5091541
http://dx.doi.org/10.3892/ijo.2018.4519
http://dx.doi.org/10.1016/j.cdtm.2018.07.003
http://www.ncbi.nlm.nih.gov/pubmed/30993263
http://dx.doi.org/10.1038/s41598-019-49297-5
http://www.ncbi.nlm.nih.gov/pubmed/31506469
http://dx.doi.org/10.3390/genes10110937
http://dx.doi.org/10.1002/path.5026
http://www.ncbi.nlm.nih.gov/pubmed/29282718
http://dx.doi.org/10.1101/gr.145144.112
http://www.ncbi.nlm.nih.gov/pubmed/22975805
http://dx.doi.org/10.1038/nature13385
http://www.ncbi.nlm.nih.gov/pubmed/25079552
http://dx.doi.org/10.1158/1078-0432.CCR-15-2900
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.12688/f1000research.15789.1
http://dx.doi.org/10.1093/nar/gkp464
http://dx.doi.org/10.1093/nar/gkh465
http://dx.doi.org/10.4161/cc.4.12.2173
http://dx.doi.org/10.1093/nar/gkn1064
http://www.ncbi.nlm.nih.gov/pubmed/19151090
http://dx.doi.org/10.1093/nar/gkw096
http://www.ncbi.nlm.nih.gov/pubmed/26896797
http://dx.doi.org/10.1093/jnci/djv151
http://www.ncbi.nlm.nih.gov/pubmed/26089541
http://dx.doi.org/10.1007/s13277-016-5389-z
http://www.ncbi.nlm.nih.gov/pubmed/27655285
http://dx.doi.org/10.4161/cc.3.2.654
http://www.ncbi.nlm.nih.gov/pubmed/14712092


Genes 2020, 11, 198 17 of 17

39. Kahle, J.; Baake, M.; Doenecke, D.; Albig, W. Subunits of the heterotrimeric transcription factor NF-Y are
imported into the nucleus by distinct pathways involving importin beta and importin 13. Mol. Cell Biol.
2005, 25, 5339–5354. [CrossRef] [PubMed]

40. Dolfini, D.; Minuzzo, M.; Pavesi, G.; Mantovani, R. The short isoform of NF-YA belongs to the embryonic
stem cell transcription factor circuitry. Stem Cells 2012, 30, 2450–2459. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/MCB.25.13.5339-5354.2005
http://www.ncbi.nlm.nih.gov/pubmed/15964792
http://dx.doi.org/10.1002/stem.1232
http://www.ncbi.nlm.nih.gov/pubmed/22969033
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	RNA-Seq Datasets 
	Classification of All TCGA LUAD Tumors 
	Global Gene Expression Analysis 
	Gene Ontology, Pathway Enrichment, and Transcription Factor Binding Site Analysis 
	Analysis of Clinical Data 
	Statistical Analysis 

	Results 
	NF-YA Was Overexpressed in Lung Tumors 
	Splicing Isoforms of NF-YA Were Differentially Regulated in LUAD 
	Expression of NF-YA Isoforms in LUAD Subtypes 
	LUAD Differentially Expressed Genes (DEG) had CCAAT in Promoters 
	Analysis of DEG in LUAD Cell Lines and Tumors 
	LUAD Subclasses Had Different NF-YAs/NF-YAl Ratios 
	Clinical Outcomes of NF-YA Isoform Ratios in LUAD 

	Discussion 
	Conclusions 
	References

