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Abstract: NFYA (nuclear transcription factor Y, subunit A) is a CCAAT-binding transcription factor. Accumulating evi-
dence suggests that NFYA plays an important role in breast, ovarian, lung and gastric cancer. However, the role of 
NFYA in clear cell renal cell carcinoma (ccRCC) remains unclear. In this study, it was discovered that the expres-
sion of NFYA is elevated in tissues of ccRCC patient and high NFYA expression is linked to poor overall survival in 
ccRCC patient. Inhibition of G1/S cell cycle transition and decreased cell proliferation were observed upon NFYA 
knockdown in ccRCC cells. Moreover, further investigation revealed that NFYA binds directly to the promoter region 
of both CDK4 and cyclin D1 (CCND1) thus transactivating their expression, resulting in RB phosphorylation and the 
activation of subsequent E2F pathway activation. Taken together, these findings imply the oncogenic role of NFYA in 
ccRCC progression and its potential as a target for ccRCC therapy.
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Introduction

Renal cell carcinoma (RCC) is one of the most 
common types of malignancy. Its incidence and 
mortality rates have ascended steadily in the 
past decade [1, 2]. RCC can be classified into 
three major subtypes based on its histological-
ly characteristic: chromophobe RCC (chRCC), 
papillary RCC (pRCC) and clear cell RCC (ccRCC) 
[3]. Among them, ccRCC accounts for more 
than 80% of all RCCs and represents the most 
malignant subtype [4]. Advanced RCC shows 
poor prognosis with 5-year survival of only 
11.7% [5], and it usually exhibits resistance to 
traditional radiotherapy and chemotherapy [6, 
7]. Immunotherapy and tyrosine kinase inhibi-
tor have been developed for RCC therapy in 
recent years, however, the prognosis for 
advanced RCC remains suboptimal [8, 9]. Thus, 
identification of genes involved in the patho-
logical procession of RCC might helpful for 
uncovering novel target.

Transcription factors are protein molecules that 
bind with specific DNA sequence to control  
the transcription of genetic information [10]. 
Emerging evidences have shown that transcrip-
tion factors play important role in physiological 
and pathological processes, including neurode-
generative pathologies, diabetes and cancers 
[11]. Transcription factors are dysregulated in 
various types of cancers and play key roles in 
regulating self-renewal, differentiation, chemo-
therapy resistance, immune evasion, EMT (epi-
thelial-mesenchymal transition), and prolifera-
tion of cancer cells [12]. Several transcription 
factors have been identified to involve in the 
progression of ccRCC [13]. The most famous 
one is HIF1α, which is induced in oxygen-defi-
cient tumor microenvironment and promotes 
ccRCC aggressiveness by activating a number 
of oncogenes, such as VEGFA, HK2 and PGK1 
[14]. Hence, the HIF1α inhibitor CRLX101 is 
designed for ccRCC therapy and shows benefi-
cial in clinical trials [15]. Thus, transcription fac-
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tor is potential ccRCC therapy target [12]  
and identifying novel ccRCC-associtated tran-
scription factors will be helpful for ccRCC 
treatment.

As a subunit of nuclear transcription factor Y 
(NF-Y), NFYA usually forms a complex with NFYB 
and NFYC and specifically binding to the CCAAT 
cis-elements [16]. NFYA binds directly to DNA 
elements through its DNA-binding domain and 
is differentially expressed, severing as the regu-
latory subunit, while NFYB and NFYC form het-
erodimers to interact with NFYA and are consti-
tutively expressed [17]. More and more evi-
dences have emerged to suggest that NFYA 
plays an important role in various cancers, with 
its expression being elevated in lung cancer, 
ovarian cancer, breast cancer and gastric  
cancer [18-22]. Besides, it also regulates the 
metastasis, proliferation and progression of 
cancer cells through transcriptional mecha-
nism [23-26]. For instance, NFYA binds to the 
CCAAT sites of EZH2 promoter, which would 
then upregulate the expression of EZH2 and 
H3K27me3, resulting in accelerated prolifera-
tion of human epithelial ovarian cancer (EOC) 
cells [27]. Despite serving as an oncoprotein in 
several cancers, the role of NFYA in ccRCC is 
still poorly characterized.

To identify ccRCC-associated transcription fac-
tors, we analyzed the expression patterns of 
1665 human transcription factors in two ccRCC 
microarray cohorts, GSE6344 (10 ccRCC and 
paired-matched adjacent normal tissues) and 
GSE66272 (27 ccRCC and paired-matched ad- 
jacent normal tissues). The upregulation of NF- 
YA was discovered in tissues of ccRCC patients. 
Furthermore, it was observed that NFYA pro-
motes G1/S cell cycle transition and cell prolif-
eration in ccRCC cell lines. Interestingly, NFYA 
binds to the promoter region of both CDK4 and 
cyclin D1, which then promotes the transcrip-
tion of CDK4/cyclin D1 and subsequently lead-
ing to activation of RB-E2F pathways. These 
findings strongly suggest the involvement of the 
NFYA-CDK4/cyclin D1-RB-E2F axis in ccRCC 
progression.

Material and methods

Cell culture and siRNA transfection

769-P, ACHN, Caki-1, 786-O and 293T cells 
were obtained from the Cell Bank of the Chinese 

Academy of Science; while, A498 cells were 
derived from ATCC. Cells were cultivated in 
DMEM supplemented with 10% FBS and 1% 
penicillin/streptomycin under standard cell cul-
ture environment (37°C with 5% CO2). Small-
interfering RNA (Si-RNA) transfection was per-
formed using Lipofectamine RNAiMAX Reagent 
(Invitrogen) according to its manual. siRNAs 
targeting NFYA (NFYA-1: CTACGTGAATGCCAA- 
ACAA; NFYA-2: GGAGGCCAGCTAATCACAT), and 
negative control si-RNAs were purchased from 
RiboBio.

Cell proliferation assay

siRNA transfected ccRCC cells were seeded in 
96-well plate at 1000 cells/well and cultured in 
DMEM (10% FBS) for specific period of time as 
indicated. 10 μL of MTT (5 mg/mL) solution 
was added into each well and was incubated 
for 3-4 hours in a humidified chamber. The 
reaction was stopped by adding 100 μL of 20% 
SDS and was mixed thoroughly until formazan 
dissolved completely. The absorbance was 
then measured at 570 nm.

For colony formation assay, ccRCC cells were 
seeded in 96-well plate at 100 cells/well and 
cultured in DMEM (10% FBS) for approximately 
10 days. After that, cells were fixed with 4% 
paraformaldehyde for 20 minutes and stained 
with crystal violet. The clones then dissolved 
with 200 μL glacial acetic acid. The absorbance 
was measured at 570 nm.

Cell cycle analysis

ccRCC cells were digested and harvested by 
trypsin, washed with PBS and fixed in 70% ice-
cold ethanol overnight. Fixed cells were washed 
with PBS for two times, followed by RNase A 
treatment and PI staining (50 mg/mL). PI la- 
beled samples were analyzed with a CytoFLEX 
(Beckman) flow cytometer. The ModFit LT 5.0 
software was used to calculate cell cycle 
distribution.

Cell synchronization and release

Control or NFYA si-RNAs were transfected into 
ACHN and 769-P cells. 24 hours later, the ACHN 
and 769-P cells were synchronized in FBS-free 
DMEM for 48 hours. After that, cells were 
digested by trypsin and seeded into 6-cm dish-
es for culturing in 10% FBS medium. Cells were 
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harvested at the specific time (0, 15, 20 and 25 
hours) and fixed in 70% ice-cold ethanol over-
night. Cell cycle distribution was subsequently 
analyzed as previously described.

RNA-sequencing

To explore the transcriptome changes after 
NFYA knockdown, ACHN, 769P and A498 cells 
were transfected with si-NFYA and then cul-
tured in humidified chamber for 60 hours. After 
that, total RNA was extracted from cells using 
Trizol reagent. mRNA library construction, sin-
gle end sequencing and high throughput data 
analysis were executed by BGI. Differentially 
expressed genes (DEGs) were set as fold 
change ≥ 1.5 and FDR ≤ 0.001.

Bioinformatics and data analysis

NFYA expression profiles in GSE53757, GSE14- 
994, GSE66272, GSE781 and GSE6344 [28-
34] datasets were downloaded in GEO. NFYA 
mRNA expression and survival information of 
GSE4125, GSE3538 and GSE2109 [35, 36] 
were downloaded in the Oncomine platform. 
The NFYA median expression was used as the 
cutoff value in determining NFYA expression 
level as being high or low. Expression profiles of 
NFYA in TCGA-KIRC (kidney renal cell carcino-
ma) and its expression correlation with cyclin 
D1/CDK4 was obtained from GEPIA2 (http://
gepia2.cancer-pku.cn/#index) [37]. The protein 
expression levels of NFYA and SSRP1 in ccRCC 
and normal tissues was derived from UA- 
LCAN (http://ualcan.path.uab.edu/index.html) 
[38]. H3K27ac (ENCFF388WMD), H3K4me3 

(ENCFF045NNJ) and NFYA (ENCFF000XIR) 
ChIP-seq bigwig files were downloaded in EN- 
CODE (https://www.encodeproject.org/) [39, 
40] and visualized using IGV (Integrative Ge- 
nomics Viewer) software.

RNA isolation and real time qPCR

Total RNA was purified using RNA Quick 
Purification kit (ESscience) according to the 
standard protocol. cDNA was synthesized with 
PrimerScript RT-PCR kit (Takara). The cDNA 
templates were amplified using CFX96 real 
time instrument (Biorad). The expression of 
each gene was calculated using the 2-ΔΔCt meth-
od. GAPDH was used as the internal control. 
The qPCR primers are listed in Table 1.

Western blot

Western blot was performed as previously 
described [41, 42]. Primary antibodies specific 
to CDK4 (CST, mouse), CCND1 (CST, mouse), 
RB (CST, mouse), p-RB S795 (CST, rabbit), p-RB 
S807/811 (CST, rabbit), C-Myc (Transgene, 
mouse), NFYA (Santa Cruze, mouse) and GAPDH 
(Transgene, mouse) were used. The blots were 
incubated with goat anti-rabbit or anti-mouse 
secondary antibody (Transgene, 1:10000), and 
subsequently visualized using chemilumines-
cence (Beyotime).

ChIP-qPCR

About 1×107 ccRCC cells were fixed with 1% 
formaldehyde (Thermofisher) for 10 minutes at 
room temperature and the reaction was then 
terminated by glycine. Fixed cells were harvest-
ed and lysed with lysis buffer (NaCl 4.38 g, 
EDTA 0.731 g, Tris-base 3.03 g, NP40 2.5 mL, 
pH 7.5, H2O up to 500 mL), followed by centrifu-
gation at 13000 rpm for 5 minutes to aspirate 
the supernatant. Cell nuclear pellet was sus-
pended with 300 μL shearing buffer (20% SDS 
25 mL, EDTA 1.461 g, Tris-base 3.03 g, pH 8.0, 
H2O up to 500 mL) and subjected to Bioruptor 
ultrasonicator in order to obtain the fragment-
ed chromatin. For immunoprecipitation, pre-
cleared solubilized chromatin was incubated 
with 5 μg anti-NFYA (Santa Cruze, mouse) or 
IgG antibody overnight at 4°C, followed by  
the addition of 30 μL Dynabeads Protein G 
(Invitrogen). Immunoprecipitates were washed 
with lysis buffer for 6 times and DNA was elut-

Table 1. The primers used in real time qPCR 
are listed as follows
Primer Name Sequence 5’-3’
CCND1 Forward GCTGCGAAGTGGAAACCATC
CCND1 Reverse CCTCCTTCTGCACACATTTGAA
CDK4 Forward GGACATGTGGAGTGTTGGCT
CDK4 Reverse CAACTGGTCGGCTTCAGAGT
NFYA Forward CAGTGGAGGCCAGCTAATCAC
NFYA Reverse CCAGGTGGGACCAACTGTATT
c-Myc Forward GTCAAGAGGCGAACACACAAC
c-Myc Reverse TTGGACGGACAGGATGTATGC
GAPDH Forward CGACCACTTTGTCAAGCTCA
GAPDH Reverse TTACTCCTTGGAGGCCATGT
Abbreviations: CCND1: cyclin D1.
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ed with elution buffer (1% SDS, 0.1 M NaHCO3). 
After reverse-crosslink, RNase A and Proteinase 
K treatment, immunoprecipitated DNA was 
purified with PCR purification kit (Thermofisher), 
followed by qPCR analysis. The ChIP-qPCR 
primers are listed in Table 2.

Dual-luciferase reporter assay

CCND1 promoter (-2570 to +421) and CDK4 
promoter (-175 to +265) regions were cloned 
into firefly luciferase reporter vector, pGL3-
basic (Promega). pGL3 and renilla luciferase 
control plasmid (pRL-TK) were co-transfected 
into 786-O and ACHN cells by using ViaFect 
reagent (Promega). Cells were harvested at 36 
hours after transfection and luciferase activity 
was measured using Dual-Luciferase Reporter 
Assay System (Promega) according to the man-
ufacturer’s manual.

Gene ontology and GSEA

Gene ontology analysis of the differentially 
expressed genes (DEGs) upon NFYA knock-
down was conducted in consensusPath DB 
(http://cpdb.molgen.mpg.de/) [43]. Expression 
matrixes of control and ACHN, 769-P and A498 
with NFYA knockdown were build, followed  
by gene set enrichment analysis (GSEA) us- 
ing GSEA desktop standalone program [44, 
45].

Results

Upregulation of NFYA in ccRCC patients

To investigate ccRCC-associated transcription 
factors, we analyzed the expression patterns of 
1665 human transcription factors [46] in two 
ccRCC microarray cohorts, GSE6344 (10 ccR- 
CC and paired-matched adjacent normal tis-
sues) [29, 31] and GSE66272 (27 ccRCC and 
paired-matched adjacent normal tissues) [33, 
34]. We discovered that 142 and 267 transcrip-
tion factors were unregulated in GSE6344 and 
GSE66272 cohorts with > 1.5 fold changes 
(Figure 1A). In order to identify the key tran-
scription factor that modulated ccRCC progres-
sion, we analyzed the Behan’s study [47], which 
performed genome-scale screen for fitness 
gene (defined as gene involved in cell growth or 
viability) in 339 pan-cancer cell lines (including 
3 renal cancer cell lines), and discovered 1492 
fitness genes (of which 49 are transcription  
factors) in RCC cell lines. Based on these 
results, we identified three fitness transcription 
factors (NFE2L3, NFYA and SSRP1) were unreg-
ulated in paired ccRCC tissues (Figure 1B). 
Interestingly, a recent study also identified 
NFE2L3 is overexpressed and correlates with 
poor prognosis in clear cell renal cell carcinoma 
[48]. We focused on NFYA for the further study 
since increased protein expression level of 
NFYA in ccRCC was more significant than 
SSRP1 (Figure 1C).

In an attempt to further evaluate the NFYA 
expression level in ccRCC tissues, we analyz- 
ed the expression pattern of several ccRCC 
cohorts (GSE53757, GSE14994, GSE4125  
and GSE781). The mRNA level of NFYA was  
significantly upregulated in these ccRCC stu- 
dies (Figure 1D). Similarly, TCGA cohort (TC- 
GA kidney renal clear cell carcinoma) analy- 
sis showed that NFYA expression was also 
increased in ccRCC (Figure 1D). These find- 
ings clearly verify that NFYA expression is up- 
regulated in ccRCC tissues. Moreover, Kaplan-
Meier survival analysis of the GSE3538 datas-
et revealed that the upregulation of NFYA is 
significantly correlated with poor overall surviv-
al in ccRCC patients (Figure 1E). Collectively, 
these data suggest that NFYA might be an 
important regulator in the progression of 
ccRCC.

Table 2. The primers used in ChIP-qPCR are 
listed as follows
Primer Name Sequence 5’-3’
CCND1-P1 Forward ACTGGTCAAGGTAGGAAGGC
CCND1-P1 Reverse CAACCCCTGTGCAAGTTTCA
CCND1-P2 Forward ATGACCCTCAAAAGCCCAGA
CCND1-P2 Reverse GGTTAGCGAGCGTAAAGAGC
CCND1-P3 Forward CCGGTCCGCCTAGTAACAG
CCND1-P3 Reverse GCTATCACCCGGCCTCTC
CCND1-NC Forward CTGCCCCGTGTTATCCTTTG
CCND1-NC Reverse CGAAGACAGCAACATCCCAG
CDK4-P1 Forward CGCTTGACATTGCTCTGAGG
CDK4-P1 Reverse TTCAGCCTTCAGACCGGTAG
CDK4-P2 Forward CATGTGACCAGCTGCCAAAG
CDK4-P2 Reverse TAGCAACAGATCACGTGGCT
CDK4-P3 Forward GCACTGGTTCTCATTCCTGG
CDK4-P3 Reverse CTTTGGCAGCTGGTCACATG
CDK4-NC Forward AATCTGGGAGGTGGAGGTTG
CDK4-NC Reverse CAGTGGCCCAATTACAGCTC
Abbreviations: CCND1: cyclin D1.
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Figure 1. Upregulation of NFYA in ccRCC patients. A. Heatmap of upregulated transcription factors (fold change > 
1.5) in ccRCC versus paired-matched adjacent normal tissues (GSE6344 and GSE66272). B. Veen plot of the over-
lapping genes based on GSE6344 (142 upregulated transcription factors), GSE66272 (267 upregulated transcrip-
tion factors) and RCC fitness genes. RCC fitness gene was defined as appeared at least 2 out of 3 RCC cell lines 
in Behan’s study [47]. C. The protein level of NFYA and SSRP1 in primary ccRCC and normal tissues was analyzed 
from UALCAN [38]. D. mRNA expression of NFYA between ccRCC and normal kidney tissues was analyzed from 
GSE53757, GSE14994 and GSE4125 cohort. Results were presented as the mean ± standard deviation (SD). TCGA 
analysis of NFYA expression between kidney renal clear cell carcinoma (KIRC) and normal kidney tissues (includ-
ing TCGA and GTEx data) was derived from GEPIA [37]. E. Overall survival rates between NFYA-low and NFYA-high 
groups of the 160 ccRCC patients from GSE3538 were compared. Median NFYA expression was used as the cutoff 
in survival analysis (log-rank test). *P < 0.05, **P < 0.01.

Knockdown of NFYA inhibits ccRCC cell prolif-
eration

The expression level of NFYA in ccRCC cell lines 
was analyzed to further examine its role in 
ccRCC progression. Two NFYA isoforms were 
identified in ccRCC cell lines through western 
blot, which is consistent with previous reports 
[49, 50]. The expression level of NFYA was 
noticed to be relatively high in A498, ACHN, 
786-O and 769-P cells (Figure 2A). Hence, we 
knocked down NFYA expression in these four 
cells using two siRNAs. NFYA expression was 
decreased notably in A498, ACHN, 786-O and 
769-P cells as a consequence to the gene 
knockdown (Figure 2B). This depletion in NFYA 
expression subsequently reduced cell prolifera-
tion in all four ccRCC cell lines (Figure 2C). In 
addition, NFYA knockdown cells formed fewer 
colonies compared with the control group 
(Figure 2D), an outcome that is consistent with 
the MTT assay data. Taken together, these data 
indicate that NFYA depletion inhibits ccRCC cell 
growth in vitro.

Transcriptome analysis of NFYA-regulated 
genes and processes

To further explore the role of NFYA in regulating 
cell proliferation, whole transcriptome sequenc-
ing (RNA-seq) was performed to identify the tar-
get genes of NFYA in ACHN, 769-P and A498 
cells. Differentially expressed genes (DEGs) 
were set as fold change ≥ 1.5 and FDR ≤ 0.001 
upon NFYA knock down. Pathway enrichment 
analysis revealed that NFYA-regulated genes 
were highly enriched in the cell cycle of all three 
cells (Figure 3). Meanwhile, gene ontology anal-
ysis of the differentially expressed genes indi-
cated that NFYA depletion affected process 
enrichment mainly in mitotic cell cycle and 
metabolism (Figure 3). These analyses imply 
the potentially crucial role of NFYA in mitotic 
cell cycle process. 

NFYA is required for G1/S cell cycle transition

In order to validate the result of the RNA-seq 
analysis, flow cytometer assay was performed 
to evaluate the involvement of NFYA in cell 
cycle control. It can be observed from the 
results that, NFYA depletion decreased A498, 
ACHN, 786-O and 769-P cell population in S 
phase whereas the proportion of G1 phase 
markedly increased (Figure 4A and 4B), sug-
gesting the requirement of NFYA for G1/S cell 
cycle transition. To further assess the effect of 
NFYA on G1/S transition, control or NFYA si-
RNA transfected ACHN and 769-P cells were 
synchronized in serum-free medium for 48 
hours and release into normal medium (10% 
FBS) for culturing. As is shown in Figure 4C and 
4D, most cells (more than 70%) were synchro-
nized during G1 phase. Notably, the percentage 
of ACHN and 769-P control cells in S phase 
showed a dramatic increase at 15 and 20 
hours, whereas increase in the NFYA knock-
down group was minimal (Figure 4C and 4D). 
These results imply that the knockdown of 
NFYA inhibits ccRCC cell proliferation by induc-
ing G1/S cell cycle arrest.

NFYA activates the RB-E2F pathway by upregu-
lating CDK4/CCND1

To investigate the molecular mechanism of 
NFYA in regulating cell cycle and cell prolifera-
tion, we performed gene set enrichment analy-
sis of the RNA-seq data. NFYA-regulated genes 
were significantly enriched in E2F target gene 
set in all three ccRCC cell lines (Figure 5A). It 
has been widely reported that transcription fac-
tors E2F play an essential role in G1/S transi-
tion by activating downstream genes. There are 
mainly five members of the E2F family (E2F1, 
E2F2, E2F3, E2F4 and E2F5) that are involved 
in G1/S transition. During G0 and early G1 
phase, E2F4 or E2F5 forms complex with RB to 
repress the transcription of target genes. When 
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Figure 2. Knockdown of NFYA inhibits ccRCC cell proliferation. A. The expression of NFYA was measured in 293T, 
A498, ACHN, 786-O, Caki-1 and 769-P cells using western blot. B. The efficiency of NFYA knockdown in A498, ACHN, 
786-O and 769-P cells by two si-RNAs was verified by western blot. C. Control or NFYA si-RNAs were transfected into 
ccRCC cells and cell viability was evaluated with MTT assays. Results were presented as the mean ± standard de-
viation (SD). D. The effect of NFYA knockdown on colony formation was measured in ccRCC cells. The clones were 
dissolved with glacial acetic acid and the absorbance was measured at 570 nm. The histogram shows the mean ± 
standard deviation (SD). **P < 0.01.

cells enter late G1 phase, RB is phosphorylated 
by cyclin D1/CDK4/6 and cyclin E/CDK2 com-
plex, resulting in the disassociation of E2F4/
E2F5/RB complex at the promoter region of tar-
get genes and the subsequent displacement by 
E2F1/E2F2/E2F3, followed with transactiva-
tion of E2F target genes at the G1/S boundary 
while entering S phase [51-53]. Therefore, the 
expression level of RB, E2F1, E2F2, E2F3, 
E2F4, E2F5, CDK2, CDK4, CDK6, cyclin E and 
cyclin D1 in the RNA-seq data were analyzed. 
Cyclin D1 was found to significantly decrease 
upon NFYA knockdown in all three cell lines 
alongside its binding partner, CDK4, which had 
showed a slight decline as well (Figure 5B). 
Furthermore, we validated the findings by real-
time qPCR. As is shown in Figure 5C, NFYA 
knockdown decreased the mRNA level of cyclin 
D1 (CCND1) and CDK4, as well as C-Myc, which 
coherent with previous studies [54, 55] (Figure 
5C).

The protein expression level of cyclin D1 and 
CDK4 were also analyzed upon NFYA depletion. 
Cyclin D1 and CDK4 were seen to be remark-
ably downregulated in NFYA knocked down 
ACHN, 769-P, 786-O and A498 cells as com-
pared to the control group, along with a 
decrease in CDK4/cyclin D1 mediated p-RB 
(Figure 5D). It can be inferred from these data 
that NFYA promotes G1/S cell cycle transition 
by activating the expression of CDK4/cyclin D1 
and subsequent E2F pathway. The expression 

profile of NFYA, cyclin D1 and CDK4 in ccRCC 
were analyzed to further validate the regulative 
relation between NFYA and CDK4/cyclin D1. 
Upon interrogating the TCGA-KIRC and GEO 
(GSE 2109) datasets, a positive correlation is 
shown between the mRNA levels of NFYA and 
cyclin D1/CDK4 in ccRCC patient samples 
(Figure 5E).

NFYA regulates the promoter activity of CDK4/
CCND1

As a transcription factor, NFYA usually binds to 
the promoter or enhancer region of its target 
gene [56]. The NFYA ChIP-seq file is thus ana-
lyzed in the ENCODE platform to verify the 
association of NFYA to the cis-element of cyclin 
D1/CDK4. Based on the results in Figure 6A 
and 6B, strong NFYA binding peaks were found 
upstream of the CCND1/CDK4 transcription 
start site (TSS) in HeLa cell (Figure 6A and 6B). 
It is noteworthy that these two peaks are co-
occupied by both the H3K27ac and H3K4me3 
histone modifications, which are considered as 
active promoter (H3k27ac+/H3K4me3+) [57, 
58] (Figure 6A and 6B). These findings were 
further validated by ChIP-qPCR assay in ccRCC 
cell lines. Results showed that DNA immuno-
precipitated by anti-NFYA antibody can be 
amplified effectively using primers specific to 
either the cyclin D1 or CDK4 promoter region, 
while poor efficiency was exhibited by the anti-
IgG group. These data suggest that NFYA binds 
to the promoter region of CDK4/cyclin D1 
(Figure 6C and 6D).
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Figure 3. Transcriptome analysis of NFYA-regulated genes and processes. A-C. Differentially expressed genes (fold 
change ≥ 1.5 and FDR ≤ 0.001) in ACHN (A), 769-P (B) and A498 (C) cells upon NFYA knockdown were analyzed in 
ConsensusPathDB. The top 10 Reactome pathways and biological processes were displayed.

Despite being associated with the promoter 
regions of CDK4/cyclin D1, the role of NFYA in 
regulating the promoter activity of CDK4/cyclin 
D1 is still unknown. To this end, the promoter 
elements were cloned into the pGL3-basic lucif-

erase reporter vector (pGL3-CDK4 and pGL3-
CCND1) and their activities were measured. 
Luciferase activity of both pGL3-CDK4 and 
pGL3-CCND1 showed significantly increased 
compared with the pGL3-basic empty vector 
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Figure 4. NFYA is required for G1/S cell cycle transition. A, B. 769-P, A498, 786-O and ACHN cells were transfected with NFYA siRNAs or control siRNA for 72 hours, 
and the cell cycle distribution was analyzed with flow cytometry. The histogram showed the mean ± standard deviation (SD). **P < 0.01. C, D. siRNA transfected 
ACHN and 769-P cells were synchronized in FBS free DMEM for 48 hours and released into 10% FBS medium for culturing. The cell cycle was analyzed by flow 
cytometry at the indicated time.
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Figure 5. NFYA activates the RB-E2F pathway by upregulating CDK4/CCND1. A. GSEA of NFYA-regulated genes in 
769-P, A498 and ACHN cells. B. The RNA-seq data of cyclin D1, cyclin E, CDK4, CDK2, CDK6, RB, E2F1, E2F2, E2F3, 
E2F4 and E2F5 in 769-P, A498 and ACHN cells upon NFYA knockdown. C. mRNA expression of CCND1, CDK4 and 
c-Myc upon NFYA knockdown were analyzed by real-time qPCR. Results were presented as the mean ± standard de-
viation (SD). D. Western blotting analysis of NFYA target gene and pathway in response to NFYA knockdown in ACHN, 
769-P, 786-O and A498 cells. E. Co-expression analysis of NFYA and cyclin D1/CDK4 based on TCGA and GSE2109 
dataset. R: spearman score. *P < 0.05, **P < 0.01.

(Figure 6E), implying the efficiency of these  
two DNA elements in driving gene expression. 

Moreover, NFYA knockdown remarkably de- 
creased luciferase activity of CDK4/CCND1 
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Figure 6. NFYA regulates the promoter activity of CDK4/CCND1. A, B. The promoter region of cyclin D1 and CDK4 
were co-occupied by NFYA, H3K27ac and H3K4me3 in HeLa cells. Data were derived from ENCODE. C, D. Confirma-
tion of NFYA binding ability to cyclin D1 (C) and CDK4 (D) promoter through ChIP-qPCR. Results were presented as 
the mean ± standard deviation (SD). E, F. The promoter activity of cyclin D1 (E) and CDK4 (F) in both the control and 
NFYA knockdown ccRCC cells were analyzed using dual luciferase reporter assay. Results were presented as the 
mean ± standard deviation (SD). **P < 0.01.

promoter in 786-O and ACHN cells (Figure 6E 
and 6F). Taken together, these data suggest 
that NFYA promotes the expression of CDK4/
CCND1 by regulating their promoter activity.

Discussion

This study first demonstrated the upregulation 
of transcription factor NFYA in clear cell renal 
cell carcinoma (ccRCC) tissue, and its correla-
tion with poor prognosis. Furthermore, a novel 
network model was also proposed wherein 
NFYA promotes G1/S cell cycle transition by 
transactivating CDK4 and cyclin D1, which con-
sequently facilitate the proliferation of ccRCC. 
These findings imply the oncogenic role of NFYA 
in ccRCC progression and its potential as a tar-
get for ccRCC therapy.

Cell cycle can be divided into four phases: G1, 
S, G2 and M. For most somatic cells, they are 
maintained in a quiescent condition, called G0. 
These cells re-enter the cell cycle upon mito-
genic induction. Cancer cells by contrast, are 
independent of external stimulation, resulting 
in unscheduled division and proliferation. 
Cyclin D1 has been reported as a sensor that 
links mitogenic stimulation and cell cycle 
machinery [59]. Cyclin D1 is maintained at low 
levels in cells at quiescent state. The addition 
of growth factor stimulation results in the accu-
mulation of cyclin D1, which consequently facil-
itates the phosphorylation of RB and elicits S 
phase initiation [60]. Cyclin D1 overexpression 
has been widely reported in a large fraction of 
human cancers, as such, allowing cancer cells 
to enter the cell cycle continuously regardless 
of external stimulate [61]. It has been proven 
that these factors may lead to cyclin D1  
dysregulation: cyclin D1 genomic rearrange-
ment, gene mutation, alternative splicing, and 
microRNA regulation [62]. For example, t(11;14)
(q13;q32) rearrangement occurs in more than 
90% of mantle cell lymphoma (MCL), leading to 
cyclin D1 overexpression [63]. In this study, 
cyclin D1 was found to be transactivated by 
transcription factor NFYA. More importantly, 
NFYA showed remarkable expression correla-

tion with cyclin D1 in ccRCC patient samples. 
By taking the overexpression of NFYA in ccRCC 
into consideration, the NFYA-CCND1 axis may 
be presented as a novel cause for cyclin D1 
dysregulation in cancers.

Based on literature review, the role of NFYA in 
hematopoietic disorder diseases and cancers 
was well documented. It has been reported 
that NFYA is involved in hematopoietic disorder 
by recruiting transcription activator or repres-
sor to modulate the expression of HBG1, HBG2, 
HOXB4 and MHC, which are considered as 
hemogenesis related genes [64]. Additionally, 
NFYA also acts as an oncogene in various can-
cers by regulating cell proliferation, migration, 
transformation, apoptosis and cell cycle [23-
27, 65]. Several studies showed that the dele-
tion of NFYA leads to decreased expression of 
cyclin B1 and cyclin B2 [23, 65], which are 
important for the G2-M cell cycle transition. In 
the RNA-seq data, it was discovered that the 
mRNA level of cyclin B1 and cyclin B2 was also 
reduced in ACHN, 769-P and 786-O cells upon 
NFYA knockdown, proving the reliability of this 
experiment. However, among all four ccRCC cell 
lines, only in 786-O cells showed G2/M arrest 
upon NFYA depletion. It was demonstrated in 
this investigation that NFYA is required for G1/S 
cell cycle transition in ccRCC, although further 
exploration is needed to determine its role in 
G2/M transition.

Recent studies reveal that transcription factor 
NFYA usually cooperates with cofactors to acti-
vate its target gene. For instance, Zhu et al. 
demonstrated that NFYA interacts with USF1/2 
on the promoter of HOXB4 to co-activate 
HOXB4 expression [66]. Henceforth, it is still 
unknown whether NFYA requires cofactors to 
transcriptionally activate cyclin D1 and CDK4. 
Early studies pointed out the interaction 
between NFYA and histone acetyl-transferases 
p300/CBP [67, 68]. It was later learned  
that NFYA acts as a transcriptional activator  
by recruiting p300, which promotes target  
gene expression by facilitating histone H3  
acetylation at the promoter region [69, 70]. 
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Furthermore, the acetyl-transferase activity of 
p300/CBP was also considered to be crucial for 
G1/S cell cycle transition [71]. In this study, the 
promoter region of cyclin D1 and CDK4 were 
co-occupied by both H3K27ac and NFYA, evi-
dently raising the possibility of cooperation 
between NFYA and p300 to promote the 
H3K27ac modification at cyclin D1/CDK4 pro-
moter, subsequently leading to transcriptional 
activation of these two genes. 

The regulation of NFYA has been reported to 
work in multiple ways. Silvia et al. showed that 
NFYA is transcriptionally repressed by the other 
two NF-Y subunits (NFYB and NFYC) [72], while 
another study demonstrated that the expres-
sion of NFYA can be reduced by signaling acti-
vation of the PKC-p38-ERK and AKT-mTOR 
pathways [73]. Since the activation of ERK/AKT 
pathway and NFYB/NFYC were also linked to 
oncogenic roles in several cancers [25], it might 
not be the reason for NFYA dysregulation in 
cancers. The cause for NFYA overexpression in 
cancers remains unclear and requires further 
investigation.
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