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T-cell acute lymphoblastic leukemia (T-ALL) is a serious hematological tumor derived from early T-cell progenitors, which is
extremely resistant to chemotherapy. Classically, doxorubicin (DOX) is an effective first-line drug for the treatment of T-ALL;
however, DOX resistance limits its clinical effect. The DEK proto-oncogene (DEK) has been involved in neoplasms but
remains unexplored in T-ALL. We silenced DEK on Jurkat cells and detected cell proliferation with cell counting and colony
formation assay. Then, we detected DEK’s drug sensitivity to DOX with CCK-38, cell cycle, and apoptosis with DOX treatment.
Western blot analysis was performed to determine protein expression of apoptosis and cell cycle-related genes, including
BCL2L1, caspase-3, and cyclin-dependent kinases (CDK). Finally, the tumorigenic ability of DEK was analyzed using a BALB/
C nude mouse model. In this study, DEK was highly expressed in Jurkat cells. Inhibition of DEK can lead to decreased cell
proliferation and proportion of S-phase cells in the cell cycle and more cell apoptosis, and the effect is more obvious after
DOX treatment. Western blot results showed that DOX treatment leads to cell cycle arrest, reduction of cyclin-dependent
kinase 6 (CDK6) protein, accumulation of CDKNIA protein, and DOX-induced apoptosis accompanied by reductions in
protein levels of BCL2L1, as well as increases in protein level of caspase-3. Furthermore, DEK-silenced Jurkat cells generated a
significantly smaller tumor mass in mice. Our study found that DEK is a novel, potential therapeutic target for overcoming

DOX resistance in T-ALL.

1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a serious
hematological tumor that is metastatic, aggressive, and resis-
tant to chemotherapy [1], accounting for approximately 15%
of ALL cases in children and 25% in adults [2]. With the
advances in induction therapy, the event-free survivals of
T-ALL patients have exceeded 85% in recent clinical trials
[3]. However, about 20% of children and 40% of adults with
T-ALL will relapse after intensive chemotherapy, leading to
a 5-year overall survival of 50%-60% [4]. Chemoresistance
is considered a major cause of recurrence and death of T-
ALL [5]. Thus, resensitizing drug-resistant leukemia cells
to chemotherapy may improve the prognosis of T-ALL
patients.

Recently, the systematic gene expression has been
emphasized [6]. The DEK proto-oncogene (DEK) is prefer-
entially expressed in malignant cells [7]. DEK facilitates the
tumorigenesis of different types of cancer cells by promoting
cell proliferation and modulating cell cycle transition, as well
as inhibiting cell apoptosis and senescence [8]. Furthermore,
apoptosis induced by DEK deletion was accompanied by an
increase in TP53 activity and its upregulation of CDKNIA
and Bax [9]; this effect may be related to growth retardation
and activation of TP53 function. CDKNI1A mediates cell
cycle arrest in the G1 and G2 phase and leads to cell apopto-
sis, and it can effectively inhibit CDK2, CDK3, CDK4, and
CDK6 [10-12]. In melanoma, the downregulation of DEK
significantly increased cell apoptosis and senescence through
DOX treatment and had no effect on TP53 and CDKN2A
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levels but had a significant effect on CDKN1A and caspase-3
levels [13]. DEK overexpression has been seen in many neo-
plasms, including chronic lymphocytic leukemia and acute
myeloid leukemia [14, 15]. However, the involvement of
DEK in T-ALL remains unexplored. It has been reported
that DEK silencing may increase cancer cell sensitivity to
DOX treatment in nonsmall cell lung cancer and metastatic
colorectal cancer [16, 17]. Thus, we hypothesized that DEK
silencing might enhance the sensitivity of leukemia cells.

Doxorubicin (DOX) is an anthracycline chemotherapeu-
tic agent that is commonly used to treat ALL [18, 19].
Anthracyclines such as DOX, a topoisomerase II, kill leuke-
mia cells by inhibiting cellular RNA and DNA synthesis [20,
21]. However, the efficacy of DOX is limited by the develop-
ment of chemoresistance in leukemia cells [22]. DEK defi-
ciency in different tumor cells has been shown to increase
their sensitivity to DOX [13, 20]. Based on these studies,
we supposed that the downregulation of DEK can enhance
the sensitivity of Jurkat cells to DOX chemotherapy in T-
ALL cells.

In this study, we determined DEK expression in different
leukemia cell lines and found that DEK is highly expressed
in Jurkat cells. Thus, we inhibited DEK expression in Jurkat
cells to investigate the role and the underlying mechanism of
DEK in the cellular response to DOX. We also explored the
role of DEK in the tumorigenicity of Jurkat cells in a murine
model. Our results suggest that DEK silencing may increase
the sensitivity of Jurkat cells to DOX treatment, serving as a
promising therapeutic approach for the management of
DOX-resistant T-ALL.

2. Materials and Methods

2.1. Cell Lines. 293T, Raji, SU-DHL-4, Daudi, Nalmé, Jurkat,
Panc-1,U937, PC-3, and MCF-7 cell lines (Shanghai Cell
Bank). High glucose DMEM (SH30022.01B, Hyclone) was
used to culture the 293T, Panc-1, and MCF-7 cell line. The
remaining hematological tumor cell lines were cultured in
RPMI-1640 medium (SH30809.01B, Hyclone). All cell lines
were incubated at 37°C with 5% CO.,.

2.2. Gene Knockdown. shRNAs targeting DEK and negative
control (scramble, SCR) vectors were purchased from Geno-
meditech. The shRNA sequences were as follows: sShDEK-1,
5'-GCCAGTGCTAACTTGGAAGAA-3'; shDEK-2, 5'-
GCCTGAAATTCTGTCAGATGAA-3"; and Scramble, 5'-
GTTCTCCGAACGTGTCACGT-3'. The Jurkat cell line
was infected with lentiviral supernatant and then analyzed
in vitro for proliferation, cell viability, colony formation, cell
cycle, and apoptosis.

2.3. RT-PCR. Total RNA was extracted from Jurkat cells at
48h after transduction, using a Quick-RNA™ Microprep Kit
(Zymo, Irvine, CA, USA). PCR was performed on a LightCy-
cler 96 PCR system (Roche Life Science, Indianapolis, IN,
USA). The primers were as follows: GAPDH, forward, 5'-
CTCTGATTTGGTCGTATTGGG-3', and reverse, 5'-
TGGAAGATGGTGATGGGATT-3'; DEK, forward, 5'-

AACTGCTTTACAACAGGCCAG-3', and reverse, 5'-
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ATGGTTTGCCAGAAGGCTTTG-3". The relative expres-
sion of DEK was calculated using the 2724 method [24].

2.4. Colony Formation Assay. Jurkat cells were seeded into a
12-well plate coated with agarose (1.2% at the bottom and
0.6% on the top) at a density of 1x 10° cells per well and
transduced with lentiviral vectors expressing scramble
shRNA or shDEK. After 14 days of culture, the number of
colonies was counted at a magnification of 4x using an
inverted microscope (AE2000; Motic, China).

2.5. Cell Counting Kit-8 (CCK-8) Assay. Jurkat cells were
seeded in a 96-well plate at 5 x 10° cells per well and trans-
duced with lentiviral vectors expressing scramble shRNA
or shDEK. Cell viability was determined at 72h after trans-
duction using CCK-8 (Dojindo, Japan). Then, a microplate
reader was used at an optical density of 450 nm.

2.6. Cell Apoptosis Analysis. We seed 1 x 10° cells per well in
a 6-well plate and grow them at 37°C in a medium contain-
ing DOX or PBS for 4 hours. Then, the cells were washed 3
times with PBS and continued to be cultured in a cell incu-
bator. Cells were washed 3 times with PBS and collected,
then resuspended in 100 ul 1x binding buffer, stained with
annexin V-APC at room temperature for ten minutes, and
then stained with propidium iodide (PI) at room tempera-
ture for 5 minutes in the dark (BD Biosciences).

2.7. Cell Cycle Analysis. Bromodeoxyuridine (BrdU, BD bio-
sciences, USA) and PI double staining was performed to
detect cell cycle distribution. 1 x 10 cells were seeded and
incubated with 3 ug/ml BrdU for 2 hours in 6-well plates.
Cells were then harvested, mixed with 70% ethanol, and
fixed overnight at -20°C. Samples were treated according to
APC-BrdU antibody (BioLegend), and PI solution was
added 5minutes before flow cytometry analysis.

2.8. Western Blotting. Jurkat cells were harvested 5 days
after lentiviral infection after transduction and lysed in
RIPA lysis buffer (PC101, Epizyme Biotech). Then, the
protein samples were mixed with 1x SDS (LT101S; Epi-
zyme Biotech), boiled for 10 minutes, and then subjected
to PAGE gel electrophoresis. The primary antibody used
in the experiment includes DEK (E4S5]; Cell Signaling
Technology), GAPDH (D16H11; Cell Signaling Technol-
ogy), TP53 (DO-7; Cell Signaling Technology), c-Myc
(ab32072; Abcam), CDK4 (A11136; ABclonal), CDK6
(13331; Cell Signaling Technology), CDKNIA (A1483;
ABclonal), CDKN2A (ab151303; Abcam), caspase-3
(9662; Cell Signaling Technology), BCL2L1 (A19703;
ABclonal) at 4°C, and HRP-conjugated secondary antibody
(anti-rabbit,7074S, anti-mouse; 7076S,Cell Signaling Tech-
nology) at room temperature for 2h. The target protein
was detected by using Omni-ECL™-enhanced chemilumi-
nescent liquid (SQ101; Epizyme Biotech) and quantified
using ImageQuant LAS 4000 mini (GE).

2.9. Animal Model. 107 Jurkat cells from the SCR group or
DEK knockdown (KD) group were injected into the subcu-
taneous tissue of female adult BALB/c nude mice in a
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volume of 100yl for in vivo tumor growth studies. Thirty
days after transplantation, euthanizing mice in each group,
the tumor volume was calculated as follows: tumor volume
= length x (width?)/2, and tumor sizes were analyzed [23].
All animal experiments were performed in accordance with
the standards of Tongji University School of Medicine.

2.10. Statistical Analysis. All quantitative data are displayed
as mean + SEM, and analyses were executed using Prism 8.0.

Unpaired two-tailed Student’s t-test is used for data
analysis. FCS Express 10 Flow software analyzes flow cytom-
etry data. Differences were considered statistically significant
at P <0.05.

3. Results

3.1. DEK Is Highly Expressed in Jurkat Cells. To determine
DEK expression in leukemia, assays were performed in dif-
ferent leukemia cell lines using RT-PCR and western blot-
ting. The Raji cell line expressing the lowest DEK was
selected as a control among the acute leukemia and lym-
phoma cell lines tested. The Jurkat cell line showed the high-
est level of DEK mRNA and protein (Figure 1). Of these cell
lines, these results suggested that DEK is highly involved in
T-ALL development. Results of the human protein analysis
(https://www.proteinatlas.org/ENSG00000124795-DEK/

tissue) showed the level of DEK mRNA transcripts in differ-
ent cancer cell lines and normal tissues (Supplemental
Figure S1). Therefore, experiments for DEK phenotypic
and functional validation were performed using Jurkat cells.

3.2. shRNA-Mediated DEK Knockdown Efficiently Suppresses
Cell Proliferation. We used the DEK-KD group and SCR
group to conduct cell proliferation experiments in Jurkat
cell. As shown in Figures 2(a) and 2(b), shDEK effectively
suppressed DEK mRNA and protein expression of Jurkat
cells compared with scramble shRNA. The cell proliferation
assay showed that knockdown of DEK significantly inhibited
Jurkat cell proliferation compared with SCR group starting 2
days after transduction (day 2: P < 0.0001, day 4 and day 6:
P <0.001; Figure 2(c)). Colony formation assay showed that
the number of colonies formed by DEK-silenced cells was
dramatically less than the number of colonies formed by
the SCR group (28+6 and 39+4 vs. 135+7; P <0.0001;
Figure 2(d)). Consistent results were observed in the size of
colonies (Figure 2(e)). These data suggest that knockdown
of DEK suppresses leukemia cell proliferation and colony
formation. Thus, DEK is a novel target of T-ALL treatment.

3.3. DEK Inhibition in Jurkat Cells Increases the Response to
DOX. We treated SCR Jurkat cells and DEK-silenced Jurkat
cells with DOX and then performed cell viability, apoptosis,
and cell cycle distribution. The results of CCK-8 analysis
further showed that compared with the negative control,
knockdown of DEK significantly reduced the cell viability
of Jurkat cells in the presence of DOX ranging from 0 to
10 uM (IC50 of SCR group: 9.306 nM, IC50 of shDEK group:
3.744 nM; Figure 3(f)). The apoptotic rates of Jurkat cells in
the DEK-KD groups were 13.02 + 0.58% and 9.53 +0.91%,

compared with 4.95 +0.41% in the SCR group as shown in
Figures 3(a) and 3(b) (shDEK-1: P <0.05, shDEK-2: P <
0.0001). Following DOX treatment, the apoptotic rates of
DEK KD groups were 19.3 +0.49% and 17.58 + 0.23% com-
pared with 10.38 +£0.92% in the SCR group (shDEK-1: P <
0.05, shDEK-2: P <0.01; Figures 3(a) and 3(b)). In brief,
these results proved that DEK silencing increased the induc-
tion of apoptosis via DOX in Jurkat cells.

BrdU is a synthetic thymidine analog that is incorpo-
rated during the S phase of cellular DNA replication [25].
After the DNA is denatured, the cells are stained to allow
BrdU incorporation, and any other target cell surfaces and/
or intracellular targets are stained. The rates of S-phase cells
in the DEK KD Jurkat cells were 37.67 + 1.53% and 42.53
+0.47% versus 73.3+0.73% in the SCR cells, the rates of
GO0/G1 phase cells in the DEK KD groups were 52.03 +
2.67% and 48.93 + 0.83% versus 21.83 +0.36% in the SCR
cells in Figures 3(c) and 3(d) (****P < 0.0001), and the pro-
portions of G2/M-phase cells in the DEK KD groups were
9.06 + 1.53% and 7.67 + 1.61% versus 4.47 +0.17% in the
SCR Jurkat cells (shDEK-1: P < 0.01, shDEK-2: P < 0.05).
With DOX treatment, the proportions of S-phase cells were
7.41+0.47% and 14.1+0.9% in the KD groups and 26 +
2.9% in the SCR group (Figures 3(c) and 3(e), shDEK-1: P
<0.001, shDEK-2: P<0.01). These results indicate that
under normal growth conditions, DEK silencing leads to
reduced cell distribution in the S phase, cell arrest in the
GO0/G1 phase, and cell cycle arrest in the G2/M phase with
DOX treatment.

3.4. DEK Regulates Apoptosis and Cell Cycle-Related Genes.
The contribution of DEK in cancer progression involves
the alterations in TP53, CDKNI1A, c-Myc, and other apopto-
sis- and cell cycle-related genes [13, 26]. In melanoma, DEK
silencing considerably increased cell apoptosis and senes-
cence through DOX treatment and had no effect on TP53
and CDKN2A levels but had a significant effect on CDKN1A
and caspase-3 levels [13]. As shown in Figures 4(a)-4(d),
DEK silencing did not affect the protein expression of
TP53, c-Myc, or CDKN2A regardless of the presence or
absence of DOX, compared with SCR group. However,
DEK silencing significantly suppressed BCL2L1 protein
expression under normal conditions (P < 0.001) and further
attenuated BCL2L1 protein expression repressed by DOX
(P<0.0001). In contrast, knockdown of DEK further
enhanced DOX-induced caspase-3 protein expression
(P<0.01; Figures 4(a) and 4(c)). Regarding cell cycle-
related genes, knockdown of DEK significantly suppressed
CDK6 expression in the presence of DOX, respectively,
compared with the SCR group (both P < 0.05). DEK silenc-
ing also further enhanced DOX-induced upregulation of
CDKNIA expression (P <0.001; Figures 4(b) and 4(d)).
These data suggest that DEK silencing enhances the DOX
sensitivity of Jurkat cells by modulating some apoptosis-
and cell cycle-related genes in a TP53/CDKN2A/c-Myc-
independent manner.

3.5. DEK Silencing Reduces the Tumorigenesis Ability of
Jurkat Cells. To investigate the effect of DEK silencing
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FiGure 1: DEK is highly expressed in Jurkat T-ALL cells. (a) DEK mRNA expression in Jurkat, Daudi, Nalm6, SU-DHL-4, and Raji cells was
analyzed by RT-PCR. (b) Protein expression levels of DEK and GAPDH in Jurkat, Daudi, Nalm6, SU-DHL-4, and Raji cells. (c)
Quantification of DEK protein level by densitometric analysis. *P < 0.05, **P < 0.01, and ***P < 0.001.

in vivo, we established a tumor model by subcutaneously
injecting DEK-silenced Jurkat cells or control cells into
female adult BALB/C nude mice. The tumor volume in the
DEK KD group was 82+ 13mm?’ and the tumor weight
was 0.708 + 0.248 g, whereas the tumor volume in the SCR
group was 194.4+24.4mm’ and the tumor weight was
2.28+0.42g (Figures 5(a)-5(c), ##%% P <0.0001). The
DEK KD mice were less aggressive and showed smaller
tumor sizes than the mice we injected with SCR Jurkat cells.

4. Discussion

T-ALL is a serious hematological tumor and is highly resis-
tant to chemotherapy, occurs in both adults and children,
and has a high rate of recurrence [27, 28]. DEK plays a
potential role in hematopoiesis and is dysregulated in acute
myeloid leukemia and chronic lymphocytic leukemia [14,
15]; however, the involvement of DEK in T-ALL remains
unknown.

Many studies have focused on the expression of cyto-
kines [29]. Of note, it has been reported that DEK is overex-

pressed in most tumors of different origins, and
tumorigenesis is promoted by promoting cell self-renewal
and proliferation while inhibiting apoptosis, differentiation,
and senescence of malignant cells [8, 9]. DEK-targeted inhi-
bition has been considered as an effective treatment strategy
of different malignancies due to its frequent upregulation in
human malignancies which is considered to be an onco-
gene [30].

In this study, Jurkat cells were treated with DOX to
induce apoptosis, decreased cell viability, and cell cycle
arrest. Compared with negative control, knockdown of
DEK promoted DOX-induced cell apoptosis while further
reducing S-phase cells and cell proliferation of Jurkat cells
with DOX, accompanied by significant alterations in the
expression of apoptosis- and cell cycle-related genes. DEK
silencing has no effect on TP53-related apoptosis and
CDKN2A-induced senescence in Jurkat cells with DOX
treatment. Therefore, DEK overexpression may inhibit the
activity of TP53 and CDKN2A in Jurkat cells through alter-
native mechanisms. DEK acts as a transcriptional corepres-
sor to inhibit NF-«B signaling, and NF-«B can participate
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vs. SCR; n = 3. SCR: scramble RNA.

in the apoptosis process of malignant hematopoietic cell
lines by acting on CDKNI1A [28]. CDKNIA effectively
inhibits cyclins with direct roles in G1/S transition, includ-
ing CDK2, CDK3, CDK4, and CDK®, but it inhibits other
known CDKs poorly [11, 12]. Therefore, further research is
needed to determine whether DEK acts on CDKNI1A in Jur-
kat cells through NF-xB.

Apoptosis is a complex biological process, and chemo-
therapy drugs are often used to kill tumor cells to treat
tumors. With the widespread application of anticancer
drugs, dysregulation of apoptotic pathways has been
shown to play an irreplaceable role in chemoresistance.
Antiapoptotic protein BCL2L1 regulates apoptotic cell
death through Bcl-2. Increased expression of BCL2LI1 is
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associated with chemoresistance in T-ALL [31]. Consistent
with our results, knockdown of DEK attenuated the
BCL2L1 expression of Jurkat cells, and the effect was more
pronounced with DOX. These results suggest that DEK
silencing enhances the sensitivity of Jurkat cells to chemo-
therapeutic drugs.

Caspase-3 is a well-known proapoptotic marker. Proa-
poptotic caspase-3 is frequently activated during apoptosis.
DEK silencing induces apoptosis of tumor cells by activation
of caspase-9 and subsequent cleavage and activation of pro-
caspase-3, which then cleaves different cellular endogenous
substrates leading to cell death [32, 33]. Therefore, DEK
silencing may enhance DOX-induced apoptosis by activat-
ing the mitochondrial pathway through activating caspase-
9 and then caspase-3 in Jurkat cells. Consistent with the
in vitro data, knockdown of DEK also suppressed the growth
of Jurkat cell-derived tumors in mouse model, suggesting
that DEK is a promising therapeutic target in T-ALL
treatment.

In brief, the deletion of DEK under DOX treatment leads
to the overexpression of caspase-3 and the downregulation
of BCL2L1, indicating its role in regulating cell apoptosis;
the level of CDK6 decreases, and the expression of CDKN1A
increases, indicating its role in regulating cell cycle. These
results indicate that the inhibition of DEK expression com-
bined with DOX treatment is a possible therapeutic strategy
for T-ALL. In general, all these data suggest that DEK silenc-
ing in T-ALL cells increases their sensitivity to DOX and
may work as a novel therapeutic target to T-ALL.

5. Conclusion

In summary, DEK is highly expressed in Jurkat cells and
promotes cell proliferation and colony formation in vitro.
DEK silencing may promote DOX-induced cell apoptosis
and cell cycle arrest, thus increasing the sensitivity of Jurkat
cells to DOX treatment. Although the underlying mecha-
nisms and effects of DEK on normal cells require further
study, our results suggest that knockdown of DEK is a novel,
potential therapeutic approach to overcome DOX resistance
in T-ALL treatment.
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