Am J Cancer Res 2023;13(1):276-292
www.ajcr.us /ISSN:2156-6976/ajcr0146392

Original Article
DOT1L promotes cell proliferation and invasion by
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Abstract: DOT1L, the only histone H3 lysine 79 methyltransferase, has a prominent effect on promoting the progres-
sion of various malignancies, yet the functional contribution of DOTAL to renal cell carcinoma (RCC) progression
remains unclear. DOTLL is overexpressed in RCC and linked to poor clinical outcomes. Chemical (SGC0946) or ge-
netic suppression of DOT1L attenuates the growth and invasion of renal cancer cells and results in S-phase arrest.
STAT5B expression was suppressed after DOT1L knockdown, and STAT5B overexpression rescued the DOT1L silenc-
ing-induced decrease in cell proliferation. DOT1L was found to epigenetically promote the transcription of STAT5B
via H3K79me2, and CDK6 acted as a downstream effector of STAT5B to mediate cell cycle arrest. Our study con-
firmed that DOT1L promotes STAT5B expression in a histone methyltransferase-dependent manner. Downregulation
of DOTAL inhibited RCC proliferation and invasion. Thus, targeting DOT1L might be a potential therapeutic interven-

tion for RCC.
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Introduction

Renal cell cancer (RCC) is the major subtype of
kidney cancer, accounting for more than 90%
of renal malignancies [1]; it has a 5-year sur-
vival rate of 76% and accounts for approximate-
ly 2% of global cancer deaths. Clear cell RCC
(ccRCC) is the most common pathological sub-
type of RCC. Mutations in the von Hippel-Lindau
(VHL) gene, as well as tumor suppressor genes,
including SET domain-containing protein 2
(SETD2), BRCA1l-associated protein 1 (BAP1),
and Protein polybromo-1 (PBRM1), are fre-
quently found in ccRCC [2]. Generally, the prog-
nosis of ccRCC is poorer than that of papillary
and chromophobe RCC due to its high vascular
invasion, metastasis and mortality rates [3].
Currently, standard surgical resection tech-
niques are widely performed to effectively treat
localized tumors. However, approximately one-
third of patients with local RCC experience
tumor recurrence after surgery [4]. Therefore, it
is very important to explore new, more reliable
and more efficient biomarkers to reveal the cel-

lular mechanism underlying tumor progression
and metastasis.

Recently, researchers have increasingly fo-
cused on histone modifications, owing to their
intimate involvement in gene expression, me-
tabolism regulation, and cancer progression [5,
6]. Disruptor of telomeric silencing-1-like (DO-
T1L, or KMT4) is the only histone methyltrans-
ferase that can catalyze H3K79 methylation.
H3K79 methylation is related to the DNA dam-
age response, cell cycle, and transcriptional
elongation by RNA polymerase Il [7]. Recent
research has proven that DOTLL is crucial in
many malignancies, including leukemia [8, 9],
breast cancer [10], ovarian cancer [11], colorec-
tal cancer [12], prostate cancer [13] and gastric
cancer [14]. Additionally, in patients with ccRCC,
higher DOT1L expression was linked to worse
overall survival (0S) and recurrence-free sur-
vival (RFS) prognoses [15].

To date, DOTI1L and its potential role in RCC
have not been fully investigated. Here, we
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Table 1. The sequences of shRNA for DOT1L knockdown

Description Sequences

DOTAL sh1-F CCGGTCGCCAACACGAGTGTTATATCTCGAGATATAACACTCGTGTTGGCGATTTTTG
DOTA1L sh1-R AATTCAAAAATCGCCAACACGAGTGTTATATCTCGAGATATAACACTCGTGTTGGCGA
DOTAL sh2-F CCGGCACGTTGAACAAGTGCATTTACTCGAGTAAATGCACTTGTTCAACGTGTTTTTG
DOTA1L sh2-R AATTCAAAAACACGTTGAACAAGTGCATTTACTCGAGTAAATGCACTTGTTCAACGTG

Table 2. The sequences of prime for overex-
pression of STAT5B

Description Sequences

STAT5B primer-F CCGGAATTCATGGCTGTGTGGAT
STAT5B primer-R ~ GGGGTACCTCACGATTGTGCG

aimed to explore the expression of DOT1L and
its prognostic value, to analyze its association
with RCC progression and invasion, and to
identify its molecular mechanism in RCC. Our
study provided evidence indicating that target-
ing DOTL1L might be a therapeutic intervention
for RCC.

Materials and methods
Clinical data and samples

Clinical data were downloaded from several
online databases, including Gene Expression
Profiling Interactive Analysis (GEPIA), Gene
Expression Omnibus (GEO) database, and
UCSC Xena. A total of 34 tissue samples, con-
cluding 12 pairs of cancer tissues and adjacent
tissues and 10 tumor tissues (T = 22, N = 12),
were included in our study. These samples were
obtained from ccRCC patients who underwent
surgery in the Department of Urology, Renmin
Hospital of Wuhan University, between January
2020 and March 2022. The tissue samples
were obtained from the patients after informed
consent was provided.

General reagents and antibodies

SGC0946 (#HY-15650, HPLC>99.68%) was
purchased from MedChemExpress (Shanghai,
China). Matrigel (#356234) was produced by
BD Biosciences (San Jose, CA, USA). Lipo293™
Transfection Reagent (#C0521), blasticidin
(#ST018-10 mg), and G418 (#STO81-1 ml) were
purchased from Beyotime Biotechnology
(Shanghai, China). Antibodies against DOT1L
(#ab239358), H3K79me2 (#ab3594), MMP2
(#ab92536), MMP9 (#abh228402), B-cell lym-
phoma-2 (Bcl2; #ab182858), CDK6 (#abl2-
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4821), P21 (#ab109520), and STAT5B (ab-
178941) were purchased from Abcam
(Cambridge, MA). Antibodies against cyclin A2
(CCNA2; #91500), Bcl2-associated X protein
(Bax; #5023), and phospho-STATS (Tyr694)
(#4322) were purchased from Cell Signaling
Technology (Massachusetts, USA). The house-
keeping proteins GAPDH (#10494-1-AP) and
H3 (#17168-1-AP) were obtained from Pro-
teintech Group (Hubei, China).

Cell culture and inhibitors

RCC cell lines (786-O and A498) were pur-
chased from the China Center for Type Culture
Collection (CCTCC) and cultured as recom-
mended in RPMI-1640 medium containing 10%
FBS in 5% CO, at 37°C. The human renal epi-
thelial cell line (HK-2) and HEK 293T cells were
grown in DMEM containing 10% FBS. Dime-
thyl sulfoxide (DMSO) was used to dissolve
SGCO0946 as a 10 mM stock solution. The work-
ing concentrations were O (or DMSOQ), 1, 2, 5,
and 10 uM.

Plasmids and lentiviruses

For genetic suppression of DOT1L expression,
two shRNAs were individually inserted in the
pLKO.1 lentiviral vector between the Age | and
EcoR | restriction sites. The two shRNAs were
synthesized by Sangon Biotech (Shanghai,
China). The shRNA sequences are listed in
Table 1. The pLKO.1, psPAX2, pMD2.G (Add-
gene, Beijing, China) plasmids were cotrans-
fected into HEK 293T cells, and the conditioned
medium (CM) was collected after 48 h and 72
h. Another shRNA that did not target any gene
was used as a control construct. Then, the con-
ditioned medium was added to 786-0 cells,
and blasticidin was used to select stably trans-
fected 786-0 cells.

For overexpression of the STAT5B gene, the
CDS was inserted into the pEGFP-N1 vector
between the EcoR | and Kpn | restriction sites.
The primer sequences used for the STAT3B
overexpression construct are listed in Table 2.
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Table 3. The qPCR primers of different genes

Description  Sequences

GAPDH-F GTCTCCTCTGACTTCAACAGCG
GAPDH-R ACCACCCTGTTGCTGTAGCCAA
DOT1L-F GCTGCCGGTCTACGATAAACA
DOT1LR AGCTTGAGATCCGGGATTTCT
CCNA1-F GCCTGGCAAACTATACTGTG
CCNA1-R CTCCATGAGGGACACACACA
CCNA2-F CCTCCTTGGAAAGCAAACAGT
CCNA2-R CAGGGCATCTTCACGCTCTAT
CCNB1-F CTTGCAGTAAATGATGTGGATG
CCNB1-R GTGACTTCCCGACCCAGTAG
CCNB2-F CCGACGGTGTCCAGTGATTT
CCNB2-R TGTTGTTTTGGTGGGTTGAACT
CCND1-F TGCTGGTTTTCTACCCAACG
CCND1-R AGTGCTTGGAAATGGAATGG
CCND2-F TTTAAGTTTGCCATGTACCCAC
CCND2-R ACGTCTGTGTTGGTGATCTTAG
CCNE2-F GATGGAACTCATTATATTAAAGGCTT
CCNE2-R AGGAGCATCTTTAAGAGCATCAACTT

CDK2-F GGCATTCCTCTTCCCCTCA
CDK2-R GCTCTGGCTAGTCCAAAGTCTG
CDKA4-F GTCTATGGTCGGGCCCTCT
CDK4-R CCATAGGCACCGACACCAAT
CDK6-F GGATAAAGTTCCAGAGCCTGGAG
CDK6-R GCGATGCACTACTCGGTGTGAA

STATS5B-F CACAGTTCAGCGTCGGTGGAAA
STAT5B-R CTGTGGCATTGTTGTCCTGGCT

p21-F GGCAGACCAGCATGACAGATT
p21-R GCGGATTAGGGCTTCCTCT
p53-F TAACAGTTCCTGCATGGGCGGC
p53-R AGGACAGGCACAAACACGCACC
Rb-F GCAGTATGCTTCCACCAGGC
Rb-R AAGGGCTTCGAGGAATGTGAG

The pEGFP-N1-STAT5B vector (0eSTAT5B) or
pPEGFP-N1 (sham) vector was transfected into
786-0 cells with stable DOT1L gene knockdown
via sh2 transfection. Then, we used G418 to
select the stably transfected cells. To assess
the DNA transfection efficiency of 786-0 cells
after incubation with pEGFP-N1 at the 24 h
time point, we observed the intensity of green
fluorescent protein under a fluorescence
microscope.

Immunohistochemistry

Clinical samples or tumor bodies from the xeno-
graft model in nude mice were paraffin-embed-
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ded. Then, the sections were sliced and sub-
jected to immunohistochemical (IHC) analysis.
In brief, after deparaffinization and rehydration,
tissue sections were subjected to antigen
recovery in sodium citrate buffer. After blocking
with 5% goat serum at ambient temperature for
1h, the slides were incubated with an anti-
DOT1L polyclonal antibody at 4°C overnight.
The sections were then incubated with a sec-
ondary antibody conjugated to horseradish per-
oxidase (1:100; Dako). Hematoxylin was used
to restain the slides after the detection step
involving incubation with diaminobenzidine for
8 min. Finally, we visualized the sections using
a microscope.

Cell counting kit-8 (CCK-8) assay

The CCK-8 assay was carried out following
accepted methods (#ZP327-1, Being, China). In
brief, 96-well plates were seeded with 3x103
cells per well. At the specified predetermined
time points, we added CCK-8 solution to each
well and incubated the cells for 1 h. The optical
density (OD) value at 450 nm (0D450) was
evaluated using a microplate reader. Cell pro-
liferation was indicated by the OD450 value.

Real-time quantitative PCR (RT-gPCR)

After total RNA was extracted by TRIzol
(Invitrogen, Carlsbad, CA), cDNA was reverse
transcribed with the PrimeScript RT Reagent
Kit with gDNA Eraser (Cat. #RR047A). RT-gPCR
was performed with TB Green®Premix Ex Tag™
Il (Cat. #RR820A) in a CFX96 Touch™ Real-Time
gPCR Detection System (Bio-Rad Laboratories,
USA) or a Roche LightCycler 480-1 System.
Table 3 lists the primer sequences employed
for gPCR. Relative mRNA expression was nor-
malized to GAPDH expression. Each sample
was measured at least three times, and the
mRNA levels were quantified using the AACt
method.

Western blot analysis

We used precooled RIPA lysis buffer to lyse and
harvest cells. After centrifugation at 12,000xg
for 15 min at 4°C, the protein concentrations
were measured by a BCA Protein Assay Kit
(PO010S), and the proteins were then separat-
ed on SDS-PAGE gels with a suitable concentra-
tion and electrotransferred from the gel to
PVDF membranes (Merck & Co., USA). After
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Table 4. The primers of different location in STAT5B

promoter

nification light microscope, the cells
in 5 randomly selected areas were

Description

Sequences

counted.

STAT5B promoter primer1-F
STAT5B promoter primer1-R
STAT5B promoter primer2-F
STAT5B promoter primer2-R
STAT5B promoter primer3-F
STAT5B promoter primer3-R
STAT5B promoter primer4-F
STAT5B promoter primer4-R
STAT5B promoter primer5-F
STAT5B promoter primer5-R
STAT5B promoter primer6-F
STAT5B promoter primer6-R

GTCCTGGCTCACTTTGCAGTTG

Apoptosis and cell cycle analyses

AAATCTCCACTCTCTAGGCACAG

TCAGAGGGCACGTCATTAGC
GTCAGGAGGCTAGGAGACCA
GGAGAAAGGCAGCTACCACA
TGGCCTTCCTGCATGTTCTT
ATTACAGGCGCCACCACTC
CCCGGCCCTATTTGTTCCTT
CCAAAGGGCAGAAACAACCC
TGTCCTGTGTGTCAGCACTT
CACCCCTGTAGTCCCACCTA
TGCGGTCTTTTGTACTTGGC

Apoptosis and cell cycle anaylses were
conducted using flow cytometry (Ba-
ckman CytoFlex, USA). Different groups
of cells were seeded in 6 cm plates or
treated with different GSC0946 con-
centrations. For the apoptosis assay,
cells were resuspended in 500 ul of
binding buffer, and then 5 ul of Annexin
V-FITC and 10 pl of PI (ZP327-1, Beijing
Zomen Biotechnology) were added. The
cells were detected using a flow cy-

Table 5. The primers to bind to the CDK6 promoter

tometer after being incubated for 10
min at ambient temperature in a dim
environment. Viable cells were negative

Description

Sequences

for Annexin V and PI staining. For cell

CDK®6 promoter primer-F GGGGGTACCCCAGTGTAGAAAAGACAC
CDK6 promoter primer-R TCCCCCGGGTCTGGGGAAGGAGTTACCA

cycle analysis, cells were washed in
precooled PBS and incubated in 75%

blocking with 5% skim milk, the membranes
were incubated with primary antibodies at 4°C
overnight. Then, the membranes were immu-
noblotted using specific HRP-conjugated sec-
ondary antibodies, and immunoreactions were
detected via an ECL detection system (Chemi-
DocTM XRS+, Bio-Rad). The loading controls

were GAPDH and H3.

Wound healing assays

Six-well plates were employed for cell culture. A
200 L pipette tip was used to create artificial
wounds by scraping. After the wounds were
made, the cells were washed with PBS. Images
of the wounded region were acquired at O and
24 h. ImageJ was used to estimate the width of

the wounds.

Transwell assay

Transwell chambers containing filter mem-
branes were used to conduct invasion assays.
Matrigel was applied to the top surface of the
filter membrane (Becton Dickinson, USA) and
incubated at ambient temperature after drying
at 37°C for two hours. Cells were seeded in
the upper chamber (5x104 cells/well), and cells
that invaded the lower surface of the filter were
fixed and stained after 24 h. Under a high-mag-
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ethanol for at least 24 h. The cells were
then incubated with RNase for 1 h at
37°C and stained with Pl for 15 min in the dark.
Cells were finally detected by flow cytometry
and analyzed using FlowJo 10.7.2 software.

Chip

The ChIP assay was performed according to the
instructions provided with the ChIP Assay Kit
(P2078, Beyotime Biotechnology). In brief, cro-
sslinking was performed using 1% formalde-
hyde at ambient temperature for 10 min, and
then the reaction was stopped by 0.125 M gly-
cine. The cells (approximately 10°) were resus-
pended in 200 pl of SDS lysis buffer. DNA was
sonicated into fragments. Then, the cell lysates
were immunoprecipitated with specific antibod-
ies (against H3K79me2 or STAT5B) at 4°C over-
night and incubated with 60 pl of Protein A+G
Agarose/Salmon Sperm DNA for 1 h at 4°C.
The precipitates were washed and eluted.
Then, 20 pl of 5 M NaCl was added to the mix-
ture to reverse the crosslinking at 65°C for
4 h. The DNA fragments were then resuspend-
ed in ddH20 and were finally measured by
gPCR (Table 4) or agarose gel electrophoresis.

Dual-luciferase reporter assays

The promoter domain of CDK6 (positions
-2000-0) was inserted into the pGL3-Basic vec-
tor between the Kpnl and Smal restriction sites.

Am J Cancer Res 2023;13(1):276-292
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Table 5 contains the CDK6 promoter primer
sequences. 786-0 cells (2*10° cells/well) were
seeded in 12-well plates. Using Lipofectamine
2000, 1 ug of the CDK6 promoter reporter plas-
mid and 50 nanograms of the pRL-TK plasmid
were cotransfected per well. Luciferase activi-
ties were measured with a dual-luciferase
reporter assay kit (Promega, E1910) and quan-
tified with a Centro XS LB 960 luminometer
(Berthold Technologies) after 48 h, as directed
by the manufacturer. For each well, the firefly
luciferase activity was normalized to Renilla
luciferase activity.

Tumor xenograft model in nude mice

Six-week-old male BALB/c-nu/nu nude mice
were purchased from Wuhan SHULAIBAO
Biotechnology (Wuhan, China) and maintained
in specific pathogen-free conditions. The
Laboratory Animal Ethics Committee of Renmin
Hospital of Wuhan University approved all ani-
mal experiments.

For the proliferation assay, 5x108 786-0 cells
stably transduced with DOT41L-ctrl, DOT1L-sh1
or DOT1L-sh2 were suspended in PBS with 50%
Matrigel and injected subcutaneously into the
posterior neck region of nude mice (five mice in
each group). During the animal experiment peri-
od, the major (L) and minor (W) axes of the
tumors were measured, and the tumor volumes
were calculated once weekly for up to 5 weeks.
The formula used to determine the tumor vol-
ume (V) (in mm?3) was V = LxW?/2,

Statistical analyses

Statistical analyses were performed by Stu-
dent’s t test or ANOVA. Correlations were
analyzed via Pearson correlation analysis. P<
0.05 was considered statistically significant:
*P<0.05, **P<0.01, ***P<0.001.

Results

DOT1L is upregulated in ccRCC and correlates
with poor prognosis

To investigate the function of DOTAL in RCC, we
first analyzed its expression in data download-
ed from the GEO database and The Cancer
Genome Atlas (TCGA). The DOTLL expression in
ccRCC tissues was higher than that in noncan-
cerous samples (Figure 1A-C). Next, we per-
formed IHC staining of 34 tissue samples from
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ccRCC patients to evaluate DOT1L expression
in ccRCC. DOT1L expression was also increased
in ccRCC tissues compared with normal tissues
(Figure 1D).

To further explore DOTAL expression in ccRCC,
we selected two ccRCC cell lines (786-0 and
A498) and one normal cell line (HK-2). The
DOT1L levels in the ccRCC cell lines were higher
than those in the normal kidney cell line, as
determined by gPCR and western blotting
(Figure 1E, 1F).

To investigate the prognostic value of the
DOTALL level in ccRCC, the Kaplan-Meier Plotter
database was used to conduct survival analy-
sis, and the results revealed that the OS of
patients with high DOTL1L expression was sig-
nificantly worse than that of patients with low
DOT1L expression (Figure 1G).

DOTL1L inhibition suppresses ccRCC cell prolif-
eration and invasion

SGC0946 is a highly potent and selective
DOT1L methyltransferase inhibitor [16]. To de-
termine whether DOT1L has a function in the
growth of renal cancer cells, we exposed 786-0
and A498 cells to several concentrations of
SGC0946 for 48 h.

The CCK-8 assay results showed that SGC0946
drastically reduced the survival of renal cancer
cells (Figure 2A, 2B). The effect of SGC0946 on
apoptosis was evaluated by flow cytometry, and
the results indicated that SGC0946 increased
the apoptosis rate of 786-O and A498 cells
(Figure 2C), reduced the protein level of the
apoptotic molecule BCL2, and increased the
BAX protein level (Figure 2F), confirming that
DOTLL inhibition promotes the apoptosis of
renal cancer cells. These results revealed that
DOTAL inhibition decreased 786-0O and A498
cell growth in vitro.

We next investigated the migration and inva-
sion of renal cancer cells after treatment with
SGC0946. The wound healing assay showed
that the wound closure ability was significantly
weakened in 786-0 and A498 cells treated
with SGC0946 compared with DMSO (Figure
2D). The Transwell assay showed a significant
decrease in the invasion rate of SGC0946-
treated 786-0 cells compared with DMSO-
treated cells (Figure 2E). This decrease was
possibly associated with downregulation of the
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DOT1L expression and OS probability in ccRCC (http://kmplot.com/analysis/index.php?p=service).

invasion markers matrix metalloproteinase 2
(MMP2) and MMP9 (Figure 2G). Together, these
results revealed that DOTAL inhibitor treatment
suppressed the growth and invasion of RCC
cells.
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DOT1L knockdown suppresses RCC cell prolif-
eration and invasion

To further investigate the function of DOTAL in
RCC cells, we used stable lentivirus-mediated
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transduction of shRNA to knock down DOTLL in
786-0 cells. gPCR and Western blotting verified
the successful knockdown of DOT1L by the
shRNA lentiviral particles (Figure 3A, 3B). To
determine whether DOT1L knockdown can
decrease the proliferation of renal cancer cells,
a CCK8 assay was performed. Compared with
those in the control (ctrl) group, the OD450 val-
ues of 786-0 cells transfected with shRNAs
were significantly decreased (P<0.05) (Figure
3C). Then, we performed a flow cytometric an-
alysis of apoptosis. The apoptosis rate of
shDOT1L cells was increased compared with
that of control cells (Figure 3D). The level of
BCL2 protein was decreased, and that of BAX
was increased (Figure 3B).

We next investigated the migration and inva-
sion of renal cancer cells after DOT1L knock-
down. The wound closure ability was signifi-
cantly weakened in DOT1L knockdown 786-0
cells compared with ctrl cells (Figure 3E). The
Transwell assay revealed that DOTA1L knock-
down in 786-0 cells significantly inhibited their
invasion ability (Figure 3F).

Finally, we investigated whether DOT1L knock-
down can inhibit renal cancer cell growth in
vivo. Subcutaneous implantation of DOT1L-ctrl
and DOT1L-sh 786-0 cells was performed. On
day 35, all mice were analyzed. Representative
mice are shown in Figure 3G. The tumor vol-
umes in the DOT1L-sh group were noticeably
lower than those in the control groups (Figure
3H). Immunohistochemical staining validated
the relative expression of DOTALL in tumor tis-
sues from the nude mice. DOT1L expression in
the DOT1L-sh group was significantly decreased
(Figure 3lI).

Together, our data suggested that DOTI1L
knockdown suppressed cell proliferation and
invasion in RCC.

DOT1L inhibition or knockdown induces
S-phase arrest

Given that cell cycle is crucial for cell growth,
we then explored the impacts of DOTLL inhibi-
tion and knockdown on the cell cycle in renal
cancer cells. Pl staining followed by flow cytom-
etry showed that the number of 786-0 cellsin S
phase was increased after either knockdown or
silencing of DOT1L compared with either the O
UM group or the control group (Figure 4A, 4B).
In addition, the mRNA levels of cell cycle-relat-
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ed mediators such as cyclin A2, cyclin D2
(CCND2), CDK2, CDK4, and CDK6 were drasti-
cally decreased after DOT1L knockdown, while
the expression of the cell cycle inhibitors p21
and p53 was considerably increased (Figure
4C). Moreover, the protein expression levels of
CDK6, cyclin A2, and p21 followed the same
patterns as the corresponding mRNA levels
(Figure 4D). These findings demonstrated that
DOTLL inhibition and silencing suppressed pro-
liferation by controlling the cell cycle in renal
cancer cells.

DOT1L regulates STAT5B in a histone methyl-
transferase-dependent manner

To explore the universally related genes after
DOTLL inhibition, we selected four data sets
from different species, different cell lines and
different interventions in the GEO database
(Table 6). Forty-two coexpressed differentially
expressed genes (DEGs) were identified by con-
structing a Venn diagram (Figure 5A and Table
7). Then, we analyzed DOT1L mRNA expression
using data from the TCGA-KIRC cohort. Gene
set enrichment analysis (GSEA) revealed that
DOT1L was closely linked to the KEGG pathway
JAK-STAT SIGNALING (Figure 5B). The Janus
kinase-signal transducer and activator of tran-
scription (JAK-STAT) signaling pathway is asso-
ciated with cell immunity, cell division and
death, and tumor formation [17]. Moreover,
STAT5B was among the 42 overlapping differ-
entially expressed genes. A previous study
showed that inhibition of DOTLL, resulting in a
reduction in H3K79me2, impairs T-cell antitu-
mor immunity via STAT5B [18]. Therefore,
STAT5B may act as a downstream effector of
DOTLL to mediate the inhibition of cell proli-
feration and invasion. Then, we detected the
correlation between DOT1L and STAT5B expres-
sion in the GEPIA database and found a strong
correlation (Figure 5C).

By high-throughput techniques, the function of
H3K79 methylation in transcriptional regula-
tion was found in prior reports to be to identify
particular chromatin modifications on a geno-
me-wide scale [7, 19, 20]. H3K79me2 was
found to be significantly more abundant in pro-
moter regions and gene bodies than in other
locations in the genome. Therefore, H3K79me2
is the most prominent functional executor of
DOT1L-induced H3K79 methylation, and re-
searchers have thus paid more attention to
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Figure 3. DOT1L silencing reduced the proliferation and invasion of ccRCC cells. A. Relative DOT1L mRNA expression
was determined via qPCR in DOT1L knockdown 786-0 cells. B. The protein levels of DOT1L, BCL2, and BAX were
measured by Western blotting in DOT1L knockdown 786-0 cells. C. Cell growth curve constructed from CCK8 assay
data in DOT1L knockdown 786-0 cells after incubation for 0/24/48/72 h. D. Apoptosis in DOT1L knockdown 786-0
cells was evaluated by flow cytometry. E. The cell migration ability was evaluated by a wound healing assay in DOT1L
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knockdown 786-0 cells (100x). F. The cell invasion ability was evaluated by a Transwell assay (100x). G. Photos of
representative mice from all groups. H. Tumor volumes in each group (n = 4). I. IHC analysis of DOT1L expression in
tumor tissues from the nude mice in each group. Scale bar = 50 ym. *P<0.05; **P<0.01; ***P<0.001 compared
with the ctrl group.
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Figure 4. Inhibition or knockdown of DOT1L induces S-phase arrest in 786-0 cells. A. The cell cycle was analyzed by
flow cytometry in 786-0 cells treated with SGC0946 (left). Cell cycle data are presented as the means + SDs (right).
B. The cell cycle was analyzed by flow cytometry in 786-0 cells after DOT1L knockdown (left). Cell cycle data are pre-
sented as the means + SDs (right). C. The mRNA levels of cell cycle-related proteins, including cyclin A1, A2, B1, D1,
D2, and E2; CDK2, CDK4, and CDK6; and P21, p53, and RB, were measured by qPCR in 786-0 cells after DOT1L
knockdown. D. The protein levels of selected cell cycle-related proteins (P21, cyclin A2, and CDK6) were measured
by using western blotting in DOT1L knockdown 786-0 cells. *P<0.05; **P<0.01; ***P<0.001 compared with the
0O uM group or control group.

Table 6. The detail information of four GEO Datasets

Treatment Cell line Organism Contact Name
GSE108694 SGC0946 CD8+ T cells Homo sapiens Yuki Kagoya
GSE139070 SGC0946 SuU8686 Homo sapiens Zhiwei Liu
GSE161367 DOT1L knockout K562 Homo sapiens Aiwei Wu
GSE150845 DOT1L knockout CD8+ T cells Mus musculus Yingjie Bian

H3K79me2 [18, 21]. We subsequently explored
whether DOTLL silencing suppresses prolifera-
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tion and invasion via STAT5B in renal cancer
cells. First, we found that the STAT5B level was
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Figure 5. DOTLL silencing demethylates H3K79 and downregulates the transcription of STATSB. A. A Venn diagram
was utilized to identify coexpressed DEGs. B. GSEA showed that DOT1L was closely linked to the KEGG pathway JAK-
STAT SIGNALING. C. Pearson correlation between DOT1L and STAT5B expression in KIRC from GEPIA. D. The mRNA
level of STAT5B was measured by qPCR in DOT1L knockdown 786-0 cells. E. The DOT1L, H3K79me2, STAT5B and
p-STAT5 protein levels were measured by Western blotting in DOT1L knockdown 786-0O cells. F. ChIP-seq of H3K-
79me2 in the ENCODE database showing occupancy on STAT5B promoter in different human cancer cell lines. G.
ChIP primer region for human STAT5B. H, I. The ChIP assay showed H3K79me2 occupancy on the STAT5B promoter
in 786-0 cells by agarose gel electrophoresis and qPCR.

Table 7. Identification of DEGs in four GEO Datasets

Gene Name

BHLHE40 UNC93B1 IGFBP4 ITGB1 GEM PLAC8 CMPK2 MOV10 IFIT1 IGF1R USP18 PRKCE DCAF12 RSAD2
FAM129A TNFSF10 PRNP GNAQ SGK1 CDR2 RNF144A CD44 EGR1 TMEM154 PRR11 MYD88 STAT5B CERCAM
ITGAL DUSP5 MX2 TPX2 ZC3H8 SMAD3 MX1 HERC6 ANXA4 STX1A NUF2 SERPINB9 TOP2A GBP2 IFI30 SH3BP1
SLC37A4 LRP5

decreased in 786-0 cells after DOTA1L knock-
down (Figure 5D, 5E). In addition, the level of
H3K79me2 was decreased in response to
DOT1L knockdown. DOT1L knockdown induced
decreases in both the total STAT5B and p-STATS
protein levels (Figure 5E). Then, to determine
whether STAT5B is a direct target of HSK79me2,
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we performed a ChIP assay. ChIP-seq data from
the ENCODE database showed a substantial
abundance of H3K79me2 in the key regulatory
regions of the STAT5B promoter in human can-
cer cell lines (Figure 5F). Moreover, the ChIP
assay showed a high H3K79me2 abundance
in the STAT5B promoter (Figure 5G-I). Thus,
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H3K79me2 directly regulates STAT5B tran-
scription in RCC.

Overexpression of STAT5B partly reverses the
suppressive effects of DOT1L knockdown on
renal cancer cells

In view of the better effect of DOT1L-sh2 on
DOT1L knockdown in 786-0 cells, we next
explored whether overexpression of STAT5B
can alter the inhibitory effects of DOT1L knock-
down on renal cancer cells. To overexpress
STAT5B in the 786-0 cell line, we inserted the
CDS domain of STAT5B into the expression
vector pEGFP-N1 to generate the pEGFP-N1/
STAT5B plasmid. Next, we transfected the pEG-
FP-N1/STAT5B plasmid into 786-0 cells, and
after stringent selection in the presence of the
antibiotic G418, a clear green fluorescence sig-
nal was observed in 786-0 cells transfected
with either the pEGFP-N1/STAT5B vector (oeS-
TAT5B) or pEGFP-N1 (sham) vector (Figure 6A).
There was no difference in the intensity be-
tween the DOT1L-sh2+sham group and the
sh2+oe group.

To assess whether overexpression of STAT5B
via the pEGFP-N1/STAT5B vector or DOTIL
knockdown (DOT1L-sh2) was successful in
786-0 cells, gPCR and Western blot analyses
were performed to verify the expression of
STAT5B in 786-0 cells. The total STAT5B and
p-STATS levels were increased after overex-
pression of STAT5B in 786-0 cells (Figure 6B,
6C). The CCK8 assay showed that overexpres-
sion of STAT5B in DOT1L knockdown (DOT1L-
sh2) 786-0 cells (DOT1L-sh2+STAT5B-0E) sig-
nificantly promoted cell proliferation compared
to that in DOT1L-sh2+STAT5B-sham or DOT1L-
sh2 786-0 cells (Figure 6D). Cell cycle analy-
sis by flow cytometry showed that DOT1L-
sh2+STAT5B-OE promoted cell cycle progres-
sion in these 786-0 cells compared with
DOT1L-sh2+STAT5B-sham 786-0 cells (Figure
6E). Simultaneously, we found that the CDK6
protein level was increased and the p21 pro-
tein level was decreased in STAT5B-OE cells
(Figure 6F). Together, these findings indicated
that overexpression of STAT5B effectively
reversed the suppressive effects of DOTLL
knockdown on renal cancer cells.

CDK®6 acts as a downstream effector of STAT5B
to mediate inhibition of the cell cycle

We found that the expression of CDK6 was con-
sistent with that of STAT5B. Thus, we investi-
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gated the influence of STAT5B on CDK6
expression in 786-0 cells by gPCR and Western
blotting. Overexpression of STAT5B increased
the CDK6 mRNA and protein levels (Figure 7A,
7B). By inspecting the sequences of the pro-
moter of CDK6 using the JASPAR database, we
identified the STAT5B binding sites within the
promoter region (Figure 7C). We then transient-
ly cotransfected the STAT5B overexpression
plasmid with the CDK6 promoter reporter plas-
mid into 786-0 cells and found that luciferase
activity was upregulated by STAT5B overexpres-
sion (Figure 7D). Moreover, the ChlIP assay
showed that STAT5B bound to the promoter
of CDK6 (Figure 7E, 7F). Collectively, these
results suggest that STAT5B binds directly to
the promoter of CDK6 and activates CDK6
transcription.

Discussion

Histone lysine methylation is a critical epige-
netic regulatory feature with important func-
tions in many cancer-related events. DOTLL is
a chromatin modifier that functions as the
H3K79 methyltransferase. DOT1L has been
found to be associated with several cancers. In
acute leukemia, DOT1L has been shown to be
necessary for the development of leukemia
in patients with MLL translocations [22]. Pino-
metostat, a small molecule DOTLL inhibitor,
has entered clinical trials [23]. In prostate can-
cer, DOTLL inhibition concurrently suppresses
AR and MYC protein expression, resulting in
impaired prostate tumorigenicity [24]. In co-
lorectal cancer, DOTLL inhibition causes cell
cycle arrest by epigenetically altering the
expression of c¢-Myc [12]. In ovarian cancer,
DOT1L stimulates protumorigenic metabolic
pathways, inhibits apoptosis, and promotes
tumor growth [25].

A previous study showed that higher DOT1L
expression indicated a poor clinical prognosis
in patients [15]. However, the detailed mecha-
nism of DOTAL in ccRCC is not known. In this
study, we found that DOTAL is highly expressed
in RCC and is predictive of poor prognosis. We
showed that SGC0946, a DOTALL inhibitor, inhib-
its the growth and invasion of renal cancer
cells. Similar results were observed in renal
cancer cells transduced with DOT1L shRNA.
This evidence suggests that DOT1L might be a
novel therapeutic target in RCC.
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Figure 6. Overexpression of STAT5B partially rescues DOTLL silencing-induced cell proliferation inhibition and cell
cycle arrest. A. Assessment of the DNA transfection efficiency after incubation with the pEGFP-N1/STAT5B vector
(0eSTAT5B) or the pEGFP-N1 (sham) vector in 786-0 cells with sh2-mediated DOT1L knockdown at the 24 h time
point. B. DOT1L and STAT5B mRNA expression was measured by using qPCR in 786-0 cells after DOT1L silencing
and STAT5B overexpression. C. DOT1L, STAT5B and p-STAT5 protein levels were measured by Western blotting in
786-0 cells after DOT1L knockdown and STAT5B overexpression. D. The cell growth curve was constructed with
CCK8 assay data in 786-0 cells after DOT1L knockdown and STAT5B overexpression. Both the sh2 and sh2+sham
groups were used as the vector controls for STATS5B overexpression at the 0/24/48/72 h time points. E. The cell
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ChlIP assay in 786-0 cells.

STAT5B is a crucial node in the transcriptional
activation chain following cytokine or kinase
activity in many different kinds of cancers [26,
27]. STAT5B inhibition in cancer cells leads
to attenuated growth, apoptosis and invasion
[28-31]. STAT5B suppression inhibits the pro-
liferation of human glioblastoma multiforme
cells, causes G1 arrest, and decreases tumor
cell invasion [32]. Prior research demonstrated
that DOTLL inhibition decreases the levels of
H3K79me2 and STAT5B, leading to T-cell death
and dysfunction [18]. Here, we showed that
DOTLL expression was positively associated
with STAT5B expression in renal cancer cells
and that H3K79me2 was enriched in the
STAT5B promoter in 786-0 cells.

In this study, we found that either inhibiting or
silencing DOTLL significantly induced S-phase
arrest. Consistent with previous findings, ovari-
an cancer cells and colorectal cancer cells with
DOTLL silencing undergo G1/S arrest [11, 12].
Our study indicated that cell cycle-related pro-
teins responded to DOTL silencing: for example,
the levels of cyclin A2, cyclin D2, CDK2, CDK4,
and CDK6 were significantly decreased after
DOTLL silencing, while those of p21 and p53
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expression were significantly increased. After
overexpression of STAT5B, the CDK6 protein
level was increased and the p21 protein level
was decreased. Then, we demonstrated that
STAT5B bound to the CDK6 promoter region
and activated CDK6 transcription, consequent-
ly promoting CDK6 protein expression and
accelerating the cell cycle in renal cancer cells.
Collectively, these results indicated that STA-
T5B accelerated cell cycle progression by regu-
lating DOTAL expression (Figure 8).

SGC0946 is a highly selective DOTA1L methyl-
transferase inhibitor [33]. Previously, SGC0946
was found to suppress H3K79 methylation and
proliferation in neuroblastoma cells [34] and to
contribute to inhibiting metastasis and improv-
ing clinical responses in lung cancer [35]. We
also discovered that SGC0946 inhibited the
proliferation and invasion of renal cancer cells.
Our data showed that SGC0946 has an anti-
cancer effect in RCC and might be a useful
therapeutic agent for RCC.

Conclusion

Our study showed that either silencing or inhibi-
tion of DOTAL suppresses cell proliferation,
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Figure 8. Schematic model showing that the DOT1L-STAT5B-CDK6 axis regulates the proliferation and invasion of

renal cancer cells.

induces S-phase arrest, and blocks tumor inva-
sion via epigenetic downregulation of STAT5B
expression in RCC. Targeting DOTL1L might thus
be a therapeutic strategy for RCC.
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