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TRIB2 regulates the expression of miR-33a-5p
through the ERK/c-Fos pathway to affect the imatinib
resistance of chronic myeloid leukemia cells
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Abstract. Chronic myeloid leukemia (CML) is a hematolog-
ical disease, and imatinib (IM) resistance represents a major
problem for its clinical treatment. In the present study, the role
of tribbles pseudokinase 2 (TRIB2) in IM resistance of CML
and the possible mechanism were investigated. It was found
that TRIB2 was highly expressed in IM-resistant patients with
CML through the Oncomine database and this conclusion
was confirmed using reverse transcription-quantitative PCR
and western blot experiments. Knockdown of TRIB2 was
found to increase the drug sensitivity of KG cells to IM using
Cell-Counting Kit-8 (CCK-8) assays, and the low-expression
TRIB2 mice were further found to be more sensitive to the
IM and have a higher survival rate in leukemia model mice.
Moreover, using western blot and luciferase experiments, it
was found that TRIB2 could regulate c-Fos through the ERK
signaling pathway, and c-Fos suppressed the transcriptional
activity and the expression of miR-33a-5p. Further investiga-
tion identified that the binding site for c-Fos to function on
miR-33a-5p was the -958-965 region. Finally, CCK-8 assays
and western blot experiments demonstrated that miR-33a-5p
could inhibit the proliferation of KG cells and reduce
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IM resistance by suppressing the expression of HMGA?2.
In conclusion, it was demonstrated that TRIB2 regulates
miR-33a-5p to reverse IM resistance in CML, which may help
identify novel targets and therapeutic strategies for the clinical
treatment of IM resistance.

Introduction

Chronic myeloid leukemia (CML), which is a malignant
myeloproliferative disorder caused by hematopoietic stem cells
(HSCs), is a clonal disorder of HSCs (1,2). Various treatments
are available for patients with CML, including tyrosine kinase
inhibitors (TKIs), HSC transplantation and chemotherapy (3).
Imatinib (IM) is a targeted agent after clinical experiments
that has become an established treatment for CML, and was
first approved as a first-line drug in 2003 (4,5). IM is a TKI that
has revolutionized the treatment of CML, and a large amount
of clinical data have shown that this drug can induce complete
remission of CML and change the clinical course (6,7).
However, finding an effective treatment for IM-resistant
patients remains challenging despite the progress and success
of IM in CML treatment. Drug resistance is undoubtedly
emerging as a major problem in the treatment of CML. Thus,
finding ways and mechanisms to tackle tumor drug resistance
is urgent. In the present study, the K562 CML cell line and
its IM-resistant cell line (KG) were used to investigate the
mechanism underlying CML resistance to IM and to identify
potential strategies to reverse resistance.

Tribbles pseudokinase 2 (TRIB2) is a member of the tribbles
family (8). TRIB2 includes an N-terminal domain, a C-terminal
domain and a central pseudokinase domain. Under the absence
of kinase activity, it can regulate different signaling pathways in
basic biological processes and pathology. For instance, TRIB2
blocks cellular senescence through AP4/p21 signaling and can
alsoregulate the differentiation of myeloid progenitors transduced
with mll-tetl (9,10). TRIB2 plays an important role in regulating
tumor cell proliferation, apoptosis and drug resistance (11,12).
TRIB2 acts as a tumor promoting factor and plays a promoting
role in tumorigenesis and development. Link et al (13) have
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reported that TRIB2 suppresses FOXO and acts as an oncogenic
protein in melanoma. TRIB2 also plays a tremendous role in
tumor cell drug resistance. Wang et al (14) found that combined
elevation of TRIB2 and MAP3K1 indicates poor prognosis and
chemoresistance to temozolomide in glioblastoma. Meanwhile,
Hill er al (15) reported that TRIB2 confers resistance to anti-
cancer therapy by activating the serine/threonine protein kinase
AKT. Therefore, investigating the role played by TRIB2 in tumor
drug resistance is urgent and meaningful. The present study
investigated the relationship between TRIB2 and IM resistance
in CML and identified that reversal of CML resistance was
through regulation of miR-33a-5p.

MicroRNAs (miRNAs) are a family of small non-coding
RNAs consisting of 18-25 nucleotides (16). miRNA
plays important roles in numerous cellular and biological
processes, such as proliferation, apoptosis, differentiation and
metabolism (17). Concurrently, a largely relationship exists
between miRNA and drug resistance of tumor cells (18).
Diaz-Martinez et al (19) found that miR-204-5p and
miR-211-5p contribute to melanoma resistance against BRAF
inhibitors. In addition, exosomal transfer of miR-1238 contrib-
utes to temozolomide resistance in glioblastoma (20). Thus,
miRNA plays an important role in reversing tumor drug
resistance. Thus, in the present experiment, the function of
miR-33a-5p in CML-resistant cells was investigated. Although
miRNA expression plays an important role in tumorigenesis
and drug resistance, little is known about the mechanisms
leading to aberrant miRNA regulation in cancer. Numerous
upstream factors affect miRNAs, including proteins that
exercise various functions and non-coding RNAs (21,22).
Meanwhile, transcription factors (TFs) are the most intensely
studied factors. The role played by TFs in regulating miRNAs
needs to be further explored.

TFs are key regulators controlling gene expression in the
process of carcinogenesis and development (23). C-Fos is a
well-known oncogene and a member of AP-1 TF family (24).
It can be used as a TF to regulate the development of tumor
cells. C-myc is a major transcriptional regulator of RhoA,
and alkaline phosphatase downregulation promotes lung
adenocarcinoma metastasis via the c-myc/RhoA axis (25).
C-Fos was predicted as a possible TF of miR-33a-5p using
in silico bioinformatics analysis (http://alggen.Isi.upc.
es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3).

Similar to c-myc/RhoA, the mechanism by which c-Fos
acts as a TF to affect miR-33a-5p remains to be investigated.
Increasing clinical and biological evidence indicated that
the ERK pathway plays a key role in the progression of
tumors (26). The mechanism of ERK pathway involvement
in the present study was investigated using ERK signaling
pathway blockers and activators. The specific mechanism
through which TRIB2 may reverse the IM resistance process
of CML cells by regulating miR-33a-5p was investigated.
The present study provided a new therapeutic target for CML
treatment and acquired resistance to IM and a new strategy for
clinical treatment.

Materials and methods

Cell culture and reagents. The cell line K562 was kindly
provided by the Cell Bank of The Chinese Academy of Sciences

(Shanghai, China). IM (Aladdin Industrial Corporation) was
added to the logarithmic growth phase K562 cell suspension at
a final concentration of 100 ng/ml. The cells were observed so
that the drug dose could be gradually escalated over the time
of incubation and the cells were finally allowed to survive on a
concentration of 10 xuM IM in the culture system. Monoclonal
screening by limiting dilution yielded an IM resistant KG cell
line. The cells were incubated in basic RPMI-1640 medium
with 10% fetal bovine serum (both from Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin-streptomycin (Beyotime
Institute of Biotechnology) at 37°C in a 5% CO, humidified
atmosphere. KG cells were maintained in the presence of
10 #M IM. Prior to the experiment, the cells were cultured
in drug-free medium for 2 weeks. All cell experiments were
repeated three times. Honokiol (HNK) was purchased from
Aladdin Industrial Corporation, and U0126 was obtained from
Promega Corporation. At 50-60% of KG cells, 20 uM U0126
or 20 uM HNK at 37°C for 24 h for subsequent experiments.

Cell viability assay. Cell viability was determined by Cell
Counting Kit-8 (CCK-8) assays. Briefly, the cells were
grouped and treated differently. Then, KG cells were seeded
in 96-well plates (4x10° cells/well) and cultured in an incubator
at 37°C with 5% CO,. A volume of 10 ul CCK-8 (Beyotime
Institute of Biotechnology) was added into the wells for 2 h at 0,
24,48 and 72 h. The absorbance of each well at 450 nm (A450)
wavelength was measured by a microplate reader (Multiskan
FC; Thermo Fisher Scientific, Inc.). The IM resistance index
was calculated as IC5,-KG/IC;,-K562; i.e., drug resistance
index=ICs, of drug resistant cells/ICs, of parental cells. In the
present study that was [C50-KG/IC50-K562=24.12/0.98=24.61.

Cell infection. The KG cells were routinely cultured in
six-well plates. A total of 12 pg lentiviral expression vectors
(pCDH-NC or pCDH-TRIB2; KeyyBio Scientific, Inc.) and
second-generation lentiviral packaging vectors pSPAX2
and pMD2.G (from Addgene) were transfected into 293T
(Shanghai Cell Bank of the Chinese Academy of Sciences,
Shanghai, China) cells at a ratio of 4:3:2 and cultured at 37°C.
The virus was three times collected at an interval of 24 h
between collections. KG cells were infected using polybrene
(Sigma) and lentiviral particles at an MOI of 20. KG cells were
seeded within six well plates and cultured in a 37°C 5% CO,
incubator until transfection was performed at a cell density
of 50-60%. GV141-Fos (2 ug) and 6 ul Lipofectamine 2000®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) were
added at the time of transfection and empty plasmid served as
anegative control. Fluid changes were performed after 6-8 and
48 h for subsequent experiments.

Negative control siRNA was used as a negative control
(NC). The sequences were as follows: si-NC sense, 5'-UUC
UCCGAACGUGUCACGUTT-3' and si-NC antisense,
5'-ACGUGACACGUUCGGAGAATT-3"; si-TRIB2 sense,
5'-UAGCGAGAUAUGGGAGAUCTT-3' and si-TRIB2
antisense, 5'-GAUCUCCCAUAUCUCGCUATT-3". The
sequences of the miR-33a-5p-mimics were as follows:
sense, 5'-GUGCAUUGUAGUUGCAUUGCA-3' and anti-
sense, 5'-UGCAAUGCAACUACAAUGCACUU-3". The
sequences of the miR-33a-5p-NC were as follows: sense,
5'-CAGUACUUUUGUGUAGUACAA-3' and antisense,
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Table I. Primer sequences.

Vector name

Primer sequences (5'—3')

-2000 ~ +69 nt
-1575 ~ +69 nt
-1124 ~ +69 nt
-534 ~ +69 nt
Mutation (A)

Mutation (B)

F: CTAGCTAGCCAAGTTGGGCCAGCAG

R: CCCAAGCTTCTGTGATGCACTGTGGAA
F: CTAGCTAGCTGATGGGCAGCCCTG

R: CCCAAGCTTCTGTGATGCACTGTGGAA
F: CTAGCTAGCCCTGCAGGCACTGCT

R: CCCAAGCTTCTGTGATGCACTGTGGAA
F: CTAGCTAGCCCCTGGGAAAGCAGATG
R: CCCAAGCTTCTGTGATGCACTGTGGAA
F: GGAATGATGTCGACACGTTGGAATGA
R: TTACCTATAAAGTGGCCACAATAAGGT
F: GCACCACTGGATTAGTGACCTGCCTCT
R: GTGACAGGCAGAGGGGCCCAAGCCA

F, forward; R, reverse.

5'-GUACUACACAAAAGUACUGUU-3" The sequences of
the miR-33a-5p-inhibitor were as follows: 5-UGCAAUGCA
ACUACAAUGCACUU-3'. After 24 h, the changes in GFP
expression were detected by fluorescence microscopy and
flow cytometry and images were captured. After 48 h, G418
(300 pg/ml) was used to select and maintain stably transfected
cells. After 4 weeks, the cells expressing GFP were selected
using a BD FACSAria II flow cytometer (BD FACSAria II;
BD Biosciences) to obtain a stably transfected cell line.

Vector construction. The possible binding sites of c-Fos in
the promoter of miR-33a-5p were analyzed using JASPAR
(http://jaspardev.genereg.net/). All miR-33a-5p promoter
sequences were segmented according to c-Fos binding sites
(-534 ~+69 nt, -1124 ~+69 nt, -1575 ~+69 nt, and -2,000
~+69 nt), and they were connected to pGL3 basic luciferase
reporter gene vector (Promega Corporation) to construct
promoter luciferase segmented vector. The promoter binding
site was point-mutated, amplified by PCR and cloned into
pGL3 basic luciferase reporter gene vector to construct lucif-
erase mutation vector. PCR amplification was performed using
a Takara LA Taq DNA polymerase (Takara Biotechnology Co.,
Ltd.). The PCR conditions were as follows: initial denaturation
at 94°C for 1 min; 30 cycles of 94°C for 30 sec, 60°C annealing
for 30 sec and extension at 72°C for 2 min. The amplification
was completed with a final step of 72°C for 5 min. PCR prod-
ucts were separated by electrophoresis on a 1.25% agarose gel
followed by visualization under the Tanon 2500 gel imaging
system (Tanon Science and Technology Co., Ltd.). A pair
of primers was designed on both ends of the miR-33a-5p
promoter truncation fragments based on their size and location
(i.e., -534, -1,124, -1,575 and -2,000). A protective base and a
specific enzymatic cleavage site before the primer sequence
were added. The primer sequences are listed in Table I.

Luciferase activity assay. Cancer cells (6x10%/well) were
seeded in six-well plates and luciferase vectors containing
the miR-33a-5p promoter (miR-33a-5p-luc) were

co-transfected with TRIB2 and c-Fos expression vectors using
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). After 48 h of transfection, the cells were
collected and lysed on ice. The luciferase activity was detected
according to the manufacturer's instructions using a double
luciferase detection kit (Promega Corporation). Firefly lucif-
erase activity was normalized to Renilla luciferase activity.
Targetscan7.1 (http://www.targetscan.org/vert_71/) was used
to predict the downstream target genes of miR-33a-5p.

Western blot analysis and immunoprecipitation. Differently
treated KG cells were collected, washed twice with cold PBS
and lysed on ice in RIPA lysis buffer (Beyotime Institute of
Biotechnology) for 30 min. The BCA method was used to deter-
mine protein concentration, and 20 ug protein were loaded per
lane. Proteins were separated using 10% SDS-PAGE and
transferred to a PVDF membrane. The membrane was blocked
in 5% milk powder for 2 h at 37°C. The membrane was incu-
bated with primary antibodies at 4°C overnight. The next day,
the membrane was washed with TBST (0.1% Tween-20) three
times and incubated with goat anti-rabbit IgG (H+L) HRP
conjugate (1:5,000; cat. no. BS13278; Bioworld Technology,
Inc.) for 2 h at 4°C and detected by chemiluminescence (ECL
reagent; Biosharp Life Sciences) method. The densities of
the bands were analyzed using iBright 1500 v1.4.3 software
(Thermo Fisher Scientific, Inc.) The information for antibodies
are as follows: TRIB2 (1:1,000; cat. no. ab272544; Abcam),
c-Fos (1:500; cat. no. 48283; SAB Technology, Inc.), p-c-Fos
(1:750; cat. no. 12599; SAB Technology, Inc.), ERK (1:750;
cat. no. BS1112; Bioworld Technology, Inc.), p-ERK (1:500;
cat. no. BS65784; Bioworld Technology, Inc.) and GAPDH
(1:10,000; cat. no. BS65483M; Bioworld Technology, Inc.). For
immunoprecipitation, the cells were lysed on ice with NP-40
lysis buffer (Beyotime Institute of Biotechnology) for 30 min
and total cell lysates were incubated with appropriate anti-
bodies overnight at 4°C and subsequently rotated with protein
A/G beads (50 pl; cat. no. 20421; Thermo Fisher Scientific,
Inc.) for 4 h at 4°C. The information for antibodies are as
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follows: IgG (1:5,000; cat. no. ab181236; Abcam), p-c-Fos
(1:100; cat. no. 5348; Cell Signaling Technology), TBP (1:100;
cat. no. 44059; Cell Signaling Technology). Beads were washed
three times using NP-40 lysis buffer, mixed with 2X SDS
sample buffer and boiled for 10 min. The co-precipitates were
analyzed by western blot analysis.

Chromatin immunoprecipitation (ChIP) assay. ChIP assay
was performed using a ChIP assay kit (Beyotime Institute
of Biotechnology). Briefly, differently treated KG cells were
collected and treated with 1% formaldehyde for 10 min at 37°C
for cross-linking. Chromatin was sheared by sonication on
ice to produce DNA fragments with a size of 200-1,000 bp.
Chromatin was immunoprecipitated with 5 ug of anti-p-c-Fos
(1:100; cat. no. 5348; Cell Signaling Technology) or rabbit
IgG (1:5,000; cat. no. ab181236; Abcam). The immunopre-
cipitated DNA was amplified with a primer pair specific for
the miR-33a-5p promoter (forward, 5'-CCTGCAGGCACT
GCT-3' and reverse, 5'-CTGTGATGCACTGTGGAA-3"). PCR
amplification was performed using a TaKaRa LA Taqg DNA
polymerase (Takara Biotechnology Co., Ltd.). The PCR condi-
tions were as follows: initial denaturation at 94°C for 1 min;
35 cycles of 95°C for 20 sec, 60°C annealing for 30 sec and
extension at 72°C for 2 min. The amplification was completed
with a final step of 72°C for 3 min.

Reverse transcription-quantitative (RT-q) PCR. KG cells
transfected with TRIB2 and miR-33a-5p expression vectors
were collected and RNA was extracted using TRIzol® reagent
(Thermo Fisher Scientific, Inc.). Reverse transcription of
RNA was performed to generate cDNA using PrimeScript RT
reagent kit with gDNA Eraser (Takara Bio, Inc.) according to
the manufacturer's protocol. Reaction system was determined
through RT-qPCR by employing the 7500 Real-Time PCR
System using TB Green (Takara Biotechnology Co., Ltd.). The
gPCR conditions were as follows: initial denaturation at 95°C
for 30 sec; 40 cycles of 95°C for 10 sec, 60°C annealing for
20 sec and extension at 72°C for 20 sec. The 2224 method
was used to calculate relative expression and fold change.
Primers were purchased from Guangzhou RiboBio Co., Ltd.
The sequences of the primers were as follows: TRIB2 forward,
5'-CTCCGAACTTGTCGCATTG-3' and reverse, 5'-CACATA
GGCTTTGGTCTCAC-3'; GAPDH forward, 5'-GACAGT
CAGCCGCATCTTCTT-3' and reverse, 5S'-AATCCGTTGACT
CCGACCTTC-3'; miR-33a-5p forward, 5'-GTGCATTGTAGT
TGCATT-3' and reverse, 5'-AACATGTACAGTCCATGG
ATG-3"; and 5s rRNA forward, 5-GCCATACCACCCTGA
ACG-3' and reverse, 5S-AACATGTACAGTCCATGGATG-3'.
GAPDH and 5S rRNA were used as the reference genes.

Animal model. The animal experiments were reviewed and
approved (approval no. 2019-11-06) by the ethics committee of
Binzhou Medical University (Yantai, China). Cell lines were
injected subcutaneously into the armpits of approximately
20 g female nude mice at 4-5 weeks of age. A total of five
mice were injected for each group of cells. They were kept
in a laminar airflow cabinet under specific pathogen-free
conditions with a controlled temperature (23+2°C), humidity
(40-70%) with free access to food and water. The number of
injected cells was 5x10°. Cells were resuspended with PBS.

Mice were anesthetized with 50 mg/kg sodium pentobarbital.
A total of 70 ul cells and 30 ul Matrigel (BD Biosciences)
mixed together were injected subcutaneously into nude mice.
When the tumors became visible to naked eyes after ~a week,
tumor volume was calculated every 4 days and a tumor growth
curve was plotted. Finally, the mice were anesthetized by
inhalation of 3% isoflurane and sacrificed by cervical disloca-
tion. The mice were euthanized on day 28 after cancer cell
injection. The weight of tumors was then measured and the
results were analyzed.

KG cells stably transfected with TRIB2, NC and si-TRIB2
were directly inoculated into the NOD scid gamma (NSG)
mice caudal vein. A total of four mice were injected for each
group of cells. The number of injected cells was 2x10°/100 pl.
Peripheral blood was collected from the tail vein regularly
for blood cell count and blood smear observation in order
to monitor the successful establishment of the model. After
successful modeling, one group was treated with 50 mg/kg IM
and one with 0.9% normal saline.

Determination of blood parameters. One week after
constructing leukemia model mice, mice were subjected to tail
cutting for blood collection. The blood was collected in EP
tubes containing EDTA-K2 anticoagulant for upper machine
analysis within 4 h. Blood cell counts and classification
were determined with a fully automated blood cell analyzer
(Hemavet®950, Drew Scientific, Inc.).

Statistical analysis. Normality tests were conducted on all
data with Shapiro-Wilk test, and all data were assessed for
normality of distribution. All experimental data are expressed
as the mean =+ standard deviation (mean + SD). Graphs and
statistical analyses were performed using GraphPad Prism 6
(GraphPad Software, Inc.). The mRNA expression datasets of
leukemias were obtained from Oncomine. The Kaplan-Meier
method was used to evaluate the association between OS
and TRIB2 and draw the survival curve. Patients were
separated into two groups using median gene expression,
and the log-rank test was used to compare the differences
between groups. Statistical analysis was performed using an
appropriate analysis of variance (ANOVA) when more than
two groups were compared. Tukey's post hoc test was used
following ANOVA. Comparisons between the control and
experimental groups were performed using the Student's t-test.
For unpaired samples, unpaired t-tests were used. For paired
datasets, paired t-test were used. P<0.05 was considered to
indicate a statistically significant difference.

Results

TRIB2 promotes the proliferation of KG cells and increases
the ICs, of IM. The IM resistance index of KG cells was
24.61 (Fig. 1A). The protein expression levels of TRIB2 in
IM-resistant CML and CML specimens were compared using
the Oncomine database. The results revealed that the expres-
sion level of TRIB2 was higher in IM-resistant specimens
than in normal CML specimens (Fig. 1B). Subsequently, the
expression of TRIB2 in cells was examined at the mRNA and
protein levels and was found to be higher in KG cells than
in K562 cells (Fig. 1C and D). KG cells proliferated faster
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Figure 1. TRIB2 promotes the proliferation of KG cells and increases the IC, of IM. (A) The IM resistance index of KG cells was 24.61. (B) TRIB2 was highly
expressed in IM-resistant patients with chronic myeloid leukemia as identified from the Oncomine database. (C and D) TRIB2 was highly expressed in KG cells
compared with K562 cells as detected by (C) RT-qPCR and (D) western blot analysis. (E) The proliferation rate of KG cells was found to be faster than that of
K562 cells as revealed by CCK-8 assays. (F and G) TRIB2 promoted the (F) proliferation of KG cells and (G) increased the ICy, of IM as revealed by CCK-8
experiments. "P<0.05, “P<0.01 and ““P<0.001. TRIB2, tribbles pseudokinase 2; IM, imatinib; C, concentration; RT-qPCR, reverse transcription-quantitative

PCR; CCK-8, Cell Counting Kit-8; si-, small interfering; NC, negative control.
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Figure 2. TRIB2 promotes K562 cell proliferation and increases IM resistance. (A) TRIB2 was highly expressed in CML patients compared with that in
normal subjects as revealed from the Oncomine database analysis. (B) Kaplan-Meier plot of overall survival. CML patients with high expression of TRIB2
(Oncomine database) had worse survival. (C and D) TRIB2 promoted the (C) proliferation of K562 cells and (D) increased the ICy, value of IM as revealed by
Cell Counting Kit-8 experiments. ‘P<0.05 and “"P<0.01. TRIB2, tribbles pseudokinase 2; IM, imatinib; C, concentration; CML, chronic myeloid leukemia; si-,

small interfering; NC, negative control.

than K562 cells, as evidenced CCK-8 assay (Fig. 1E), which
suggested that TRIB2 might promote the growth of KG cells.
To further investigate the role played by TRIB2 in KG cells,
TRIB2 was successfully overexpressed or knocked down in
KG cells, which was verified experimentally using RT-qPCR
(Fig. S1A), Western blot (Fig. S1B) and fluorescence
microscopy (Fig. S1C). TRIB2 was found to promote cell
proliferation (Fig. 1F), and increase the IC, of IM (Fig. 1G).
Therefore, TRIB2 promotes proliferation of IM-resistant cells
and increases the ICs, of IM in these cells.

TRIB2 promotes K562 cell proliferation and increases IM
resistance. The Oncomine database showed that TRIB2 was
highly expressed in patients with CML (Fig. 2A). Further anal-
ysis of CML datasets from the Oncomine database revealed
that patients with high expression of TRIB2 experienced signif-
icantly worse overall survival (Fig. 2B). To further investigate
the role played by TRIB2 in K562 cells, TRIB2 was success-
fully overexpressed or knocked down in K562 cells, which was
verified using RT-qPCR (Fig. S1D), Western blot (Fig. SIE),
and photographs by green fluorescence microscope (Fig. S1F).
TRIB2 was found to promote cell proliferation (Fig. 2F), but
also increased the ICs, of the cells (Fig. 2G). Therefore, TRIB2
promoted K562 cell proliferation and increased IM resistance.

TRIB2 promotes proliferation and IM resistance of KG
cells in vivo. To investigate the role played by TRIB2
in leukemia-bearing mice after intravenous injection, a
KG leukemia mice model was established (Fig. 3A). The
TRIB2-related stable transgenic cell line was injected into the
mice through the tail vein, and blood smear and count were
used to confirm the successful modeling of leukemia model
mice (Fig. 3B and C). It was found that TRIB2 could promote
the proliferation of KG cells by a blood cell sorter (Fig. 3D). In
addition, the TRIB2 overexpression group had worse survival
in the model mice (Fig. 3E). The aforementioned experiments
revealed that TRIB2 promoted the proliferation of KG cells
within the model mice. The role of TRIB2 on KG tumor gener-
ation was further confirmed in vivo by transplanting tumors
in mice. Plotting the growth curve indicated that the volume
of tumor overexpressing TRIB2 showed a faster growth than
the control group, whereas knockdown of TRIB2 revealed
a slower growth (Fig. 3F and G). Overexpression of TRIB2
promoted tumors with high weight, whereas low-expression
TRIB2 promoted tumors with low weight (Fig. 3H). Thus,
these xenograft experiments demonstrated that TRIB2 can
promote the proliferation of IM-resistant cells.

The relationship between TRIB2 and IM resistance was
investigated using the Oncomine database to explore the drug
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Figure 3. TRIB2 promotes the proliferation and IM resistance of KG cells in vivo. (A) Illustration of experimental design for assessing the effect of TRIB2
in vivo. (B and C) Successful modeling of chronic myeloid leukemia model mice was confirmed by blood counts and microscopic observation of blood
smears (magnification, x1,000). (D) WBC counts of leukemia-bearing mice at different time points after various treatments. The number of WBC from mice
overexpressing TRIB2 leukemia model grew at the fastest rate. (E) Compared with NC group, TRIB2 overexpression led to poor survival in the model mice,
whereas TRIB2 knockdown resulted in improved survival. (F and G) In tumor-bearing nude mice, the volume of xenograft tumors overexpressing TRIB2
showed faster growth, while knockdown TRIB2 exhibited slower growth. (H) In tumor-bearing nude mice, overexpression TRIB2 promoted xenograft tumors
with high weight, and TRIB2 knockdown promoted those with low weight. (I and J) Analysis of the Oncomine database showed decreased TRIB2 expression
and improved survival after IM treatment. (K and L) si-TRIB2 increased the sensitivity of KG cells to IM in leukemia model mice, prolonging their survival.
"P<0.05, “P<0.01 and ""P<0.001. i.v., intravenous; TRIB2, tribbles pseudokinase 2; IM, imatinib; WBC, white blood cell; si-, small interfering; NC, negative
control.



8 SUN et al: TRIB2 REGULATES miR-33a-5p TO AFFECT IM-RESISTANCE IN CML

Table II. Survival time and life extension rate of model mice.

Group Average survival, days Extension rate, %
Control 91.25+2.533

TRIB2-NC 48.25+3.750 19.71
TRIB2-NC + IM 58.25+2.345

si-TRIB2 63.25+3.473 27.17
si-TRIB2 + IM 80.50+2.598

TRIB2 38.25+2.016 12.40
TRIB2 + IM 43.00+2.380

n=4 in each group. TRIB2, tribbles pseudokinase 2; si, small inter-
fering RNA; IM, imatinib; NC, negative control.

sensitivity of TRIB2 on KG cells in vivo. It was revealed that
TRIB2 expression decreased after IM treatment and survival
was improved (Fig. 3I and J). Cell proliferation was examined
following IM treatment, and the results identified that there
was no change in cell proliferation after overexpression
of TRIB2. Both the NC group and si-TRIB2 group showed
slower cell proliferation under IM treatment, and the si-TRIB2
group revealed the slowest cell proliferation. This indicated
that knockdown of TRIB2 rendered KG cells more sensitive to
IM (Fig. 3K). In agreement with database studies, IM was used
to treat leukemia mice. It was found that drug treatment could
prolong the survival time of mice in each group (Fig. 3L), but
the life prolonging rate of the low-expression TRIB2 group was
significantly higher than that of the high-expression TRIB2
group (Table II). This finding indicated that TRIB2 promoted
proliferation and resistance to IM of KG cells in vivo.

TRIB2 regulates the expression of miR-33a-5p through the
ERK/c-Fos signaling pathway. The aforementioned results
indicated that TRIB2 can promote KG cell proliferation and
enhance cell drug resistance. The mechanism by which TRIB2
exerts its effects was the focus of the next experiment. It was
found that TRIB2 could downregulate the promoter activity of
miR-33a-5p by dual-luciferase reporter assay, which was again
further confirmed by RT-qPCR (Fig. 4A). Potential TFs that
bind to the miR-33a-5p promoter were predicted via JASPAR
and c-Fos was screened by prophase experiments to investigate
the effect of TRIB2 on miR-33a-5p expression (Fig. 4B). The
website prediction results were validated by ChIP assay, which
demonstrated c-Fos as a TF for miR-33a-5p promoter (Fig. 4C).
c-Fos was successfully transfected and overexpressed in KG
and K562 cells (Fig. SIG-H). Subsequently, it was found that
c-Fos inhibited miR-33a-5p expression and therefore played an
inhibitory role in transcriptional effects (Fig. 4D). In addition,
c-Fos was found to bind to TATA box binding protein (TBP)
and suppress transcription (Fig. 4E). Notably, co-precipitation
and immunoblotting experiments were performed to verify
the inability of binding interaction between TRIB2 and c-Fos
(Fig. 4F). Through further experiments, it was identified
that the ERK signaling pathway could decrease miR-33a-5p
promoter activity and then affect the expression of miR-33a-5p
(Fig. 4G). The activation of the ERK signaling pathway can be
regulated by TRIB2, which was confirmed experimentally by

western blotting (Fig. 4H). Finally, the ERK pathway blocker
U0126 and activator HNK were applied to the cells and
detected the expression of related proteins. The results showed
that UO126 inhibited and HNK increased ERK and c-Fos
activity. It was further revealed that TRIB2 could activate the
ERK pathway and then promote c-Fos expression (Fig. 4I-L).
It was similarly concluded that TRIB2 could promote c-Fos
expression by western blot analysis of transplanted tumors in
nude mice from in vivo experiments (Fig. 4M). The aforemen-
tioned results suggested that TRIB2 regulated c-Fos expression
through the ERK signaling pathway (Fig. 4N).

Specific site of action of c-Fos on the miR-33a-5p promoter.
The presence of nine c-Fos possible binding sites on the
miR-33a-5p promoter was predicted by JASPAR. To investi-
gate which binding site specifically plays a role, by location of
the nine binding sites, truncations of the miR-33a-5p promoter
were made and constructed into a luciferase vector. A total
of four segments of vectors were constructed -2000 ~+69 nt,
-1575 ~+69 nt, -1124 ~+69 nt, and -534 ~+69 nt (Fig. SA). The
site of action was determined by the luciferase assay to be in
the —534 to 1124 region (Fig. 5B and C). Two binding sites A
(-958-965 nt) and B (-628-635 nt) were available for this frag-
ment, and both sites were mutated (Fig. 5D). Further studies
revealed that the luciferase activity was not altered when point
mutation A was used, but it was altered when point mutation B
was used (Fig. SE-G). Description -958-965 nt is the specific
site where c-Fos binds the miR-33a-5p promoter.

miR-33a-5p inhibits proliferation of KG cells and decreases
ICs, by suppressing HMGA?2 expression. The expression of
miR-33a-5p in cells was detected by RT-qPCR to investi-
gate the role played by miR-33a-5p in KG cells. The results
showed that miR-33a-5p expression was decreased in KG cells
compared with that in K562 cells (Fig. 6A). To verify the
role of miR-33a-5p in drug-resistant cells, miR-33a-5p was
successfully overexpressed and knocked down in cells,
which was verified experimentally by RT-qPCR (Fig. S11I-J)
and fluorescence microscopy (Fig. S1K). It was found that
miR-33a-5p could inhibit KG cell proliferation and reduce
IC4, (Fig. 6B and C). A KG cell xenograft mouse model was
established to evaluate the role of miR-33a-5p in KG cell
proliferation in vivo. Plotting the growth curve indicated
that the volume of tumor knockdown miR-33a-5p showed a
faster growth than the control group, whereas overexpression
of miR-33a-5p showed a slower growth (Fig. 6D and E). The
tumor weight was then measured and similar conclusions were
reached (Fig. 6F and G). These results supported the conclu-
sion that miR-33a-5p inhibits KG cell proliferation in vivo.

To investigate the mechanism of miR-33a-5p, the target
gene of miR-33a-5p was predicted on the prediction website
TargetScan. The results showed that there was a target binding
site between miR-33a-5p and HMGA?2 (Fig. 6H). Moreover,
the target gene of miR-33a was detected by dual-luciferase
reporter gene assay (Fig. 61): miR-33a-5p could specifi-
cally bind to HMGA2, and HMGA?2 was the target gene of
miR-33a-5p. Further investigation by western blotting revealed
that miR-33a-5p inhibited HMGAZ2 expression in KG cells
(Fig. 6J). The same results were also found in nude mice xeno-
grafts (Fig. 6K and L). Through the aforementioned studies,



INTERNATIONAL JOURNAL OF ONCOLOGY 60: 49, 2022 9

A x109
1.5

Predicted binding sites for the miR-33a-Sp promater and transcripti

=
=
5
= & 661 GTreACAAT..TT] GA - arrcarg...cree T - ACTocce.
% g ET T 1414 AS-1S8
b ¥
b @« acT * A acteace. 16ccT - A - Gacact. asacT - A Geaca
g E ATI4-1221 s-1aR n —p-s at
= =
E El caaGl  ACacata_ata6T  GeAGCATT. 16T TrrerACeTG ..
& T E=T ETET
NC si-TRIB2 TRIB2 NG si-TRIB2 TRIB2
C D E P- lgG  p-c-Fos TBP
= 1.4 5 r ———
a1z (107 T 1 |B:p-c-Fos
£10 15 & s & L - !
£o8 ] ;n = - 1B: TBP ]
L6 = ; : - |
50.4 310 g 10 - |
¢ : : —
' : ¢ 5 [1Broros | . - -
2 05 ; 05 2 e
(=]
2 £ )
500 by 3 3 IB:TEP | — —
0.0 T 0.0 e
Marker Input Anti-lgG Anti-Fos GV141- GV141- GV141- GV141-
NC Fos Fos
) H 15 5
IP: 1IgG  TRIB2 c-Fos (x10%) - T s
— 1.5 - S
= k] S
1B:TRIB2 EZ"“‘ = 3 o f E 1.0 s
o 2 83 g2
= . S 1.0 2 s
IB:c-Fos | J— s § W o5 2
B % i 2 E 2
5 £ 25 !
. — 5 0.5 =
5 IBTRIBZ| o S S— J t 24 00 0 .
5 o
= L] ERK - . —
|Bic-Fos | e - — 0.0 € o P J E.‘_.
ERK 4 ERK - + ]
GAPDH - — — —
ERK
GAPDH | w— m— L K
NG s-TRIB2 NG TRIBZ
| J K a
5 §
é w ﬁ é i 3
T i 832
Y 2a £¢
= a &g =Py
3o 2 ]
o o
o e e ] PO e | pores [
| r — >
GAPDH | | GAPDH  essp wmse s emss | GAPDH P~ —-—
ERK | p— EAK o o a— | c-Fos *’ —
GAPDH | ' — GAPDH| e e e e | GAPDH | e s s
uo12s -+ -+ U S uo1zs - ; = )
NG+ N NC + + - - NC + 4 - -
TRE2 N . si-TRIB2 - = + - TRE2 + t
L. Mo 20 N
. " A Pesissancs
Su 2o g2 1 .
28 & 10 S
£615 58 1o -
5 p y
59 0 @2 . (JRIE, |
2g 2405 +
Z20s5 5o 05
®5 @3
T 5o o0 00 @ _’.
rores DR <o | = —— | —— — b
GAPDH | “e e e asmue | CAPDH | S—— c— || — -— ‘1—
oFos | G | T el [— e
GAPDH.-—-_. TRIB2 | S _?. e
HNK - P GAPDH  —— e | e — l
NG - y - - NC si-TRIBZ NG TRIB2
si-TRIB2 - -4 +

Figure 4. TRIB2 regulates the expression of miR-33a-5p through the ERK/c-Fos pathway in KG cells. (A) TRIB2 downregulated miR-33a-5p expression as
revealed by luciferase activity assay and RT-qPCR. (B) Prediction of TF binding sites of miR-33a-5p promoter by JASPAR. (C) The ability of c-Fos as a TF
and miR-33a-5p promoter region to bind was verified using chromatin immunoprecipitation experiments. (D) GV141-NC and GV141-Fos were transfected
within KG cells, and the expression of miR-33a-5p after overexpression of c-Fos was detected by luciferase activity assay and RT-qPCR. (E) Co-IP verified
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ited miR-33a-5p and transcriptionally repressed miR-33a-5p expression. “P<0.05, “P<0.01 and ““P<0.001. TRIB2, tribbles pseudokinase 2; miR, microRNA;
RT-qPCR, reverse transcription-quantitative PCR; si-, small interfering; NC, negative control; TF, transcription factor; TBP, TATA box binding protein.
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it was identified that miR-33a-5p can slow the proliferation of
KG cells and increase the drug sensitivity of KG cells to IM by
decreasing the expression of HMGAZ2.

Discussion

CML is a clinical hematological disease, and aberrant
BCR-ABL fusion transcripts are a hallmark of the disease.
Thus, IM is currently the first-line therapy to target the
BCR-ABL fusion gene in CML (27). Although the application
of IM is expected to overcome CML, a large body of clinical
data indicated that patients develop acquired IM resistance
as treatment duration increases (28,29). In response to the
problem of drug resistance in leukemia, Zheng et al (30) found
that chloroquine combined with IM overcame IM resistance

through the MAPK/ERK pathway. SI00A8 promotes drug
resistance by promoting autophagy in leukemia cells, and
S100A8 may be a novel target to improve leukemia drug resis-
tance (31). At the same time ST6GALI had a reversal effect
on multidrug resistance in human leukemia by regulating the
PI3K/Akt pathway and the expression of P-gp and MRP1 (32).
Research data treatment against leukemia drug resistance has
focused on reversing drug resistance by targeting certain drug
resistance proteins. However, whether these target proteins
and their signaling pathways can be smoothly applied in the
clinic and then exert clinical efficacy requires a long time of
clinical experiments and exploration.

Tribbles are members of the pseudokinase family
and were shown to regulate numerous cellular functions
and were involved in various cellular processes including
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Figure 6. miR-33a-5p inhibits the proliferation of KG cells and decreases the ICy, of IM. (A) miR-33a-5p expression was decreased in KG cells compared
with that in K562 cells. (B and C) miR-33a-5p inhibits KG cell proliferation and reduces the ICs, of IM. (D and E) In tumor bearing nude mice, the volume
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nude mice, transfection of the miR-33a-5p inhibitors increased tumor weight, whereas transfection of the miR-33a-5p reduced tumor weight. (H) The target
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cance; WT, wild-type; Mut, mutant.



12 SUN et al: TRIB2 REGULATES miR-33a-5p TO AFFECT IM-RESISTANCE IN CML

proliferation, drug resistance, metabolism and oncogenic
transformation (33). In the present study, it was confirmed that
TRIB2 promoted the proliferation of IM-resistant CML cells
and increased their resistance to drugs. Furthermore, the
role of TRIB2 in vivo was investigated to determine whether
TRIB2 can serve as a potential target for the clinical treat-
ment of IM resistance in CML. An IM-resistant CML model
mice was established to mimic clinical resistant patients and
it was experimentally confirmed that TRIB2 promoted the
proliferation of IM-resistant cells and reduced drug sensitivity
in model mice, while knockdown of TRIB2 reversed its drug
resistance. Illustrating the important clinical role of TRIB2
in IM-resistant CML patients suggested that TRIB2 may be
a novel target for the treatment of IM-resistant CML patients.
TKIs are well known as kinase inhibitors that inhibit the
activity of ABL tyrosine kinases (34,35). Similar to TKIs,
whether a ‘pseudokinase inhibitor’ interferes with TRIB2
expression and then IM resistance in CML is unknown. Thus,
addressing the question of clinical resistance is important.
This aspect may require extensive basic research and clinical
experiments for validation. Therefore, TRIB2 has potential as
a resistance gene to treat IM resistance in CML.

A series of experiments was performed in the cell lines
to further explore the oncogenic and drug sensitivity reducing
roles played by TRIB2 in IM-resistant CML cells. It was found
that TRIB2 acted by affecting miR-33a-5p. Accumulating
evidence has indicated that miR-33a-5p and chemoresistance
of tumors are associated and are downregulated in numerous
different types of cancers to participate in the progression of
tumors. For example, miR-33a-5p-based therapy may be a
promising strategy for overgrowing the chemoresistance of
TNBC (36). A possible mechanism of chemoresistance in liver
cancer is downregulation of miR-33a-5p (37). In the present
study, it was similarly found that miR-33a-5p could inhibit
KG cells proliferation and enhance the sensitivity of KG cells
to IM. The possible mechanism by which miR-33a-5p func-
tions is through inhibiting HMGA?2 expression. It has been
reported that reducing HMGA?2 expression levels can render
tumor resistant cells more sensitive to the drug (38,39). Thus,
miR-33a-5p has emerged as a key factor in the study of drug
resistance in IM-resistant CML cells. ~20 clinical trials using
miRNA and siRNA-based therapies have been initiated to
date. Therapeutic miRNAs and siRNAs have moved from the
laboratory to the clinic as the next generation of medicine.
MiR-33a-5p-based therapies hold broad clinical promise for
overcoming IM resistance in CML.

C-Fos, as an upstream factor of miR-33a-5p, regulates its
expression and may provide a novel strategy to overcome IM
resistance in CML clinically. It was experimentally confirmed
that TRIB2 could affect the expression of miR-33a-5p by regu-
lating c-Fos, which was a TF for miR-33a-5p. Given that the
TF c-Fos can inhibit the activity of the miR-33a-5p promoter,
it was hypothesized that c-Fos can physically bind to the TBP,
which prevents the binding of TF IID to the promoter to inhibit
transcription. The aforementioned hypothesis was verified by
co-IP experiments and a literature review by Metz et al (40)
that c-Fos can physically associate with TBP. PARP inhibi-
tors (PARPi) were the first approved anticancer drugs, and
they can improve the sensitivity of AML to chemotherapeutic
agents as protein inhibitors (41). Similar to PARPI, inhibiting

the expression of c-Fos may become a new direction and
strategy for the clinical treatment of IM resistance in CML.
In addition, Li et al (42) reported that the ERK/c-Fos signaling
pathway plays a role in the proliferation and migration of colon
cancer. This is consistent with the present study, in which it
was also demonstrated that ERK/c-Fos signaling promoted IM
resistance in KG cells.

In conclusion, TRIB2 can regulate c-Fos expression
through the ERK signaling pathway and c-Fos, as a transcrip-
tional suppressor of miR-33a-5p, could inhibit the transcription
of miR-33a-5p. Thus, TRIB2 regulates the expression of
miR-33a-5p through the ERK/c-Fos pathway to affect the
IM-resistance of CML cells. Ultimately miR-33a-5p exerts its
effect by suppressing HMGA?2 expression. The present study
is promising for the clinical treatment of IM resistance in
CML and can broaden the ideas of clinical treatment of IM
resistance, find improved clinical treatment strategies for IM
resistance, and address the problem of clinical patient resis-
tance. Due to the limitations of experiments at the cellular or
animal level, there is still a certain distance from cellular and
animal studies to clinical applications. Therefore, this needs to
be addressed by future collaborative research efforts between
clinicians and scientists.
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