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SETDBI1 induces lenalidomide resistance in
multiple myeloma cells via epithelial-mesenchymal
transition and PI3K/AKT pathway activation
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Abstract. SET domain bifurcated histone lysine methyl-
transferase 1 (SETDBI) is a histone H3K9 methyltransferase
that stimulates cell proliferation by methylating AKT, which
contributes to drug resistance in multiple myeloma (MM).
Lenalidomide is an immunomodulatory agent widely used
in the treatment of MM. However, lenalidomide resistance
occurs in patients with MM. Currently, the role of SETDBI1
in lenalidomide resistance in MM remains unclear. Thus,
the present study aimed to explore the functional association
between SETDBI and lenalidomide resistance in MM. The
analysis of GEO datasets revealed that SETDBI1 was upregu-
lated in lenalidomide-resistant MM cells and that its expression
was associated with poor prognosis of patients with MM.
Apoptosis analysis revealed that overexpression of SETDBI in
MM cells significantly decreased apoptosis, while knockdown
of SETDBI increased apoptosis. Furthermore, the ICs, value
of lenalidomide in MM cells increased following SETDBI1
overexpression and decreased following SETDBI silencing.
Additionally, SETDBI1 mediated epithelial-mesenchymal
transition (EMT) and activated the PI3K/AKT pathway.
Mechanistic analysis revealed that inhibition of PI3K/AKT
signaling in MM cells increased apoptosis, sensitized the cells
to lenalidomide and inhibited EMT, whereas SETDB1 overex-
pression inhibited the effects of PI3K/AKT cascade inhibition.
In conclusion, the findings of the present study indicated that
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SETDBI promoted lenalidomide resistance in MM cells by
promoting EMT and the PI3K/AKT signaling pathway. Thus,
SETDBI may be a potential therapeutic target for MM.

Introduction

Multiple myeloma (MM) is an incurable malignant plasma
cell disease characterized by resistance to treatment (1).
Lenalidomide, the most widely used immunomodulatory drug
for the treatment of MM, has markedly improved the survival
and quality of life of patients with MM (2-4). However, a
notable population of patients with MM develop resistance to
lenalidomide over time (5).

SET domain bifurcated histone lysine methyltransferase
1 (SETDBY) is an epigenetic modifier primarily involved in
H3K9 methylation but can also mediate the methylation of
H3K?27 and DNA (6). Previous studies have implicated aber-
rant SETDBI expression in the development of various types
of cancer, including head and neck, lung, breast, ovarian,
colorectal and hepatocellular cancer and leukemia (7-13).
One of the primary mechanisms through which SETDBI1
affects cancer prognosis is the promotion of cell prolifera-
tion via AKT methylation at lysine residues 64, 140 and 142,
which results in Thr-308 phosphorylation and increases AKT
activity (14,15). AKT dysregulation is associated with tumor-
igenesis and AKT hyperactivity promotes chemotherapy
resistance in various types of cancer (16-18), including
MM (19-21).

Numerous mechanisms have been reported to contribute
to lenalidomide resistance in MM, including cereblon
(CRBN) downregulation, mutations in the RAS/MAPK
pathway, TP53 and CRBN cascade components (comprising
Interferon regulatory factor 4 and Ikaros family zinc
finger 1), the overactivation of WNT/B-catenin signaling
along with CD44-triggered adhesion and MAPK cascade
overactivation (22-27). However, the role and mechanisms
of SETDBI in lenalidomide resistance remain unclear.
Therefore, the present study aimed to investigate the func-
tional role of SETDBI1 in myeloma cell proliferation and
MM cell resistance to lenalidomide, as well as the potential
underlying mechanisms.
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Materials and methods

Cell lines and culture. The human MM cell lines, U266 and
RPMI-8226 were obtained from the American Type Culture
Collection. The identity of the cell lines was verified using
short tandem repeat analysis and cells were confirmed to be
free from mycoplasma contamination. The cells were cultured
in DMEM with 10% FBS (both Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin/streptomycin at 37°C and
5% CO, in a humidified incubator.

Lentiviral vectors and infection. Human SETDBI
(NM_001145415; Origene) was amplified and cloned
into the lentiviral vector, pCDH-CMV-MCS-EF1-Pur
(Asia-Vector Biotechnology) and named SETDBI-OE.
The empty pCDH-CMV-MCS-EF1-Pur vectors served
as the negative control (SETDBI-NC). SETDBI specific
short hairpin RNA (shRNA) sequences (Table I) were
cloned into plenti-shRNA-GFP-puro lentiviral vectors
(Asia-Vector Biotechnology), and the recombinant plasmids
were named SETDBI1-sh1, SETDB1-sh2 and SETDBI1-sh3.
The non-targeted plenti-shRNA-GFP-puro lentiviral
vectors were used as the corresponding negative control
(ShSETDBI1-NC). 293T cells (Institute of Biochemistry and
Cell Biology, Shanghai, China) were transfected with lenti-
viral constructs along with the second-generation packaging
system plasmid psPAX2 (cat. no. #12260; Addgene) and
pMD2.G (cat. no. #12259; Addgene) at a ratio of 3:3:1 (2.5 ug
lentiviral plasmid + 2.5 ug psPAX2 + 0.83 ug pMD2.G), using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). At
48 h post-transfection, the lentiviral supernatant was collected
and filtered. To create stable cell lines, MM cell lines were
infected with lentiviral supernatants at 37°C for 24 h at a
multiplicity of infection (MOI) of 80, followed by the selection
of stably transfected cells using complete medium containing
puromycin (1 xg/ml) for 4 days and then maintained in 1 pg/ml
puromycin.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA from cells was extracted using TR1zol®
(Invitrogen; Thermo Fisher Scientific, Inc.). The generation
of cDNA was performed using PrimeScript RT reagent kit
(TransGen Biotech, Co., Ltd.) according to the manufacturer's
instructions. The qPCR was performed using SYBR® Premix
Ex Taq (Takara Bio, Inc.) with GAPDH as an endogenous
control. The thermocycling conditions were as follows: 95°C
for 3 min followed by 45 cycles at 95°C for 7 sec, 57°C for
10 sec, 72°C for 15 sec. Relative quantification was calculated
by the AACT method (28). The following primers were used
for RT-qPCR: SETDB-1 forward, 5'-taagacttggcacaaaggcac-3'
and reverse, 5'-tccccgacagtagactctttc-3' and GAPDH forward,
5'-ggagcgagatccctccaaaat-3' and reverse, 5'-ggctgttgtcatacttct
catgg-3'.

Apoptosis analysis. To measure apoptosis, Treated MM cells
were stained with Annexin V-FITC and PI and assessed using
a flow cytometer (CytExpert software version 2.1; CytoFLEX
flow cytometer; Beckman Coulter, Inc.). Briefly, cells were
rinsed twice with cold PBS and centrifuged at 300 x g for
5 min at 4°C. The cells were re-suspended at 1x10 cells/ml in

250 ul 1X binding buffer (BD Biosciences). A total of 100 ul
suspension was placed in a 5 ml tube and stained using 5 ul
Annexin V-FITC and 10 ul PI for 15 min at room temperature
in the dark. The proportion of apoptotic cells including early
and late apoptotic cells was then determined using a flow
cytometer.

Analysis of resistance to lenalidomide. The drug resistance
of MM cells was assessed using a Cell Counting Kit-8 assay
(CCK-8; BBI Life Sciences Corporation). Briefly, MM cells
were suspended at 1x10° cells/ml and seeded in 96-well plates.
The cells were then treated for 1 h with lenalidomide at 0.00,
0.01, 0.10, 1.00, 5.00, 10.00, 100.00 and 1,000.00 M at 37°C.
Subsequently, 10 #1 CCK-8 reagent was added to each well and
the cells were incubated for 1 h at 37°C, followed by an absor-
bance reading at 450 nm using a microplate reader (Biotek).

Western blot analysis. Proteins were extracted using RIPA lysis
buffer (cat. no. PO013B; Beyotime Institute of Biotechnology),
and 20 ug protein were loaded into each well. The quantity of
protein was determined by the BCA protein determination kit
(cat. no. PO010; Beyotime Institute of Biotechnology). Protein
samples were separated on 12% gels using SDS-PAGE and trans-
ferred onto nitrocellulose membranes (Bio-Rad Laboratories,
Inc.). The membranes were blocked with 5% non-fat milk
for 30 min at room temperature and then inoculated with
primary antibodies at 4°C overnight. The primary antibodies
were as follows: AKT (1:1,000; cat. no. #4685; Cell Signaling
Technology, Inc.), N-cadherin (1:1,000; cat. no. 22018-1-AP;
Proteintech Group, Inc.), vimentin (1:1,000; cat. no. #5741;
Cell Signaling Technology, Inc.), phosphorylated (p)-PI3K
(1:1,000; cat. no. #4228; Cell Signaling Technology, Inc),
GAPDH (1:20,000; cat. no. #5174; Cell Signaling Technology,
Inc.), PI3K (1:1,000; cat. no. #4292; Cell Signaling Technology,
Inc.) and p-AKT (1:1,000; cat. no. #4060S; Cell Signaling
Technology, Inc.). Then, anti-mouse-IgG-HRP-conjugated
(1:1,000; cat. no. #7076; Cell Signaling Technology, Inc.)
or anti-rabbit-IgG-HRP-conjugated antibodies (1:1,000;
cat. no. #7074; Cell Signaling Technology, Inc.) were used as
secondary antibodies. The membranes were incubated with
secondary antibodies at 25°C for 2 h. The protein signal was
developed using ECL Plus (Pierce; Thermo Fisher Scientific,
Inc.). The protein quantitative analysis was performed using
ImageJ 1.48u software (National Institutes of Health).

Analysis of Gene Expression Omnibus (GEO) datasets. A
GEO dataset (accession no. GSE136324) obtained from the
GEO database (ncbi.nlm.nih.gov/gds) was used to assess the
association between SETDBI levels and survival of patients
with MM. Based on median values, 867 patient samples
were classified into SETDBI1-low and SETDBI1-high expres-
sion groups, and Kaplan Meier analysis was performed
using default parameters.

To evaluate whether SETDBI1 was differentially expressed
between the lenalidomide-resistant and -sensitive MM cells,
a dataset (accession no. GSE165557) was downloaded from
GEO containing genomic information from three lenalido-
mide-resistant and three lenalidomide-sensitive MM cell lines.

In addition, the publicly available microarray data (acces-
sion no. GSE136324) (29)was downloaded from GEO database
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Table I. shRNA sequences of SETDBI1.

shRNA Sense (5'-3") Antisense (5'-3")
SETDBI1-shRNA1 CUGAUAGUCAGCAUGCGAA UUCGCAUGCUGACUAUCAG
SETDB1-shRNA2 UGGAGAAGAUGGAUUGUGU ACACAAUCCAUCUUCUCCA
SETDB1-shRNA3 AGGUGAAAUUUGACAACAA UUGUUGUCAAAUUUCACCU
SETDBI1, SET domain bifurcated histone lysine methyltransferase 1; sh, short hairpin.
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Figure 1. SETDBI expression in MM is associated with poor survival and lenalidomide resistance. Kaplan-Meier analysis of (A) progression-free and
(B) overall survival using GEO datasets (GSE136324). (C) Analysis of SETDBI expression in lenalidomide-resistant and -sensitive MM cell lines in a GEO
cohort (GSE165557). SETDBI, SET domain bifurcated histone lysine methyltransferase 1; MM, multiple myeloma; GEO, Gene Expression Omnibus.

and SETDBI expression was set as a numeric variable. The
metric for ranking genes in gene set enrichment analysis
(GSEA) was determined using Spearman's correlation; other
parameters were left as default. The cut-off values for the
significance of outcomes were FDR<0.25 and INESI>1. GSEA
was run with the R clusterProfiler package (version 4.6.0,
bioconductor.org/packages/release/bioc/html/cluster Profiler.
html) (30).

Inhibition of the PI3K/AKT signaling pathway. LY294002
(cat. no. #9901; Cell Signaling Technology, Inc.), a specific
inhibitor of the PI3K/AKT pathway, were diluted to a concen-
tration of 10 ug/ml. MM cells were cultured with LY294002
solution at 37°C for 24 h and harvested for flow cytometry,
CCK-8 assay, RT-qPCR and Western blot analysis.

Statistical analysis. Each experiment was repeated three
times. Statistical analysis was performed using GraphPad
Prism 8 (Dotmatics), SPSS (version 25.0; IBM Corp.) and
R statistical software (version 3.0.2) using the package Two
Stage Hazard Rate Comparison (version 0.1-6; cran.r-project.
org/web/packages/TSHRC/TSHRC .pdf). Continuous variables
are presented as the mean + SD. Two-tailed paired t-tests were
conducted for the comparison between lenalidomide-sensitive
and -resistant MM cell lines in the GEO dataset (GSE165557),
while two-tailed unpaired t-test was used to compare the data
between two groups obeying normal distribution and homoge-
neity of variance. Survival was evaluated using Kaplan-Meier
analysis. Progression-free survival (PFS) and overall survival
(OS) were assessed using a stratified log-rank test, and cases

with late-stage crossover of survival curves were evaluated
using a two-stage test (31). Differences between >2 groups
were compared using one-way ANOVA followed by post hoc
Tukey's test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Upregulation of SETDBI predicts poor prognosis of MM
patients. GSE136324 dataset was downloaded from the GEO
database. Kaplan-Meier analysis revealed that compared with
patients with low SETDBI, patients with high SETDBI levels
had a significantly worse PFS and OS (Fig. 1A and B). This
indicated that SETDBI1 upregulation was an unfavorable risk
factor for survival of patients with MM.

SETDBI was increased in lenalidomide-resistant MM
cell lines. SETDBI expression was analyzed in lenalido-
mide-sensitive and -resistant MM cell lines using a GEO
dataset (GSE165557). Compared with the lenalidomide-sensi-
tive cells, SETDBI expression was significantly increased in
the lenalidomide-resistant cell lines (Fig. 1C). Taken together,
these results indicated that SETDBI1 upregulation in lenalid-
omide-resistant MM was associated with poor prognosis.
Thus, increased SETDBI levels may promote lenalidomide
resistance and disease progression in MM.

Construction of cell lines with stable SETDBI overexpression
and knockdown. To determine the mechanisms through which
SETDBI contributes to drug resistance in MM cells and poor
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survival of patients with MM, 293T cells were transfected
with SETDBI-overexpressing, SETDB1-shRNA (shl, sh2 and
sh3) and respective NC lentivirus. Thus, stable SETDB1-OE,
SETDBI-NC, SETDBI1 knockdown (shl, sh2 and sh3) and
shSETDBI1-NC MM cell lines were obtained. Non-treated
cells were used for control (Ctrl). RT-qPCR revealed that
SETDBI-OE demonstrated stable overexpression efficiency,
and SETDBI-shl demonstrated the greatest knockdown
efficiency (Fig. 2A). Results of RT-qPCR were confirmed
using western blot analysis. SETDBI protein expression was
increased following transfection with SETDBI1-OE in MM
cells (Fig. 2B) but decreased following transfection with
SETDB-shl (Fig. 2C). Thus, SETDB1-OE and SETDBI1-shl
(SETDBI-sh) were selected for use in subsequent experiments.

SETDBI promotes apoptosis of MM cells. The effect of
SETDBI overexpression or knockdown on apoptosis was
investigated using Annexin V-PI staining. In the U266 cells,
compared with NC, apoptosis was significantly lower in
the SETDBI overexpression group and significantly higher
following SETDBI knockdown. Furthermore, similar obser-
vations were made in the RPMI-8226 cells (Fig. 3A and B).
These results illustrated that in MM cells, apoptosis was
inhibited by SETDBI overexpression and enhanced by its
knockdown.

SETDBI expression is associated with lenalidomide resis-
tance in MM cells. The present study investigated the effects
of lenalidomide on the survival of MM cells in which SETDB1
was overexpressed or silenced. MM cells were then treated
with lenalidomide for 1 h and cell proliferation was examined
using CCK-8 assay. ICs, value of lenalidomide was increased
by SETDBI overexpression and decreased by SETDBI1 knock-
down (Fig. 3C and D). These results indicated that SETDBI1
promoted lenalidomide resistance in MM cells.

SETDBI expression is associated with PI3K/AKT signaling
and epithelial-mesenchymal transition (EMT) activation in
MM cells. GSEA of public microarray data indicated that
genes in the PI3K/AKT/mTOR signaling pathway were posi-
tively associated with SETDBI (Fig. 4A). Western blot analysis
illustrated that phosphorylation levels of PI3K and AKT were
significantly increased in the SETDBI overexpression group
and significantly decreased in the SETDBI1 knockdown group
(Fig. 4B and C). Therefore, SETDBI activation of PI3K/AKT
signaling by phosphorylating PI3K along with AKT may be
one of the mechanisms by which SETDBI promotes MM
progression. EMT is a phase in cancer metastasis that is char-
acterized by increased expression of mesenchymal markers,
such as N-cadherin and vimentin (32). Therefore, to examine
the effect of SETDB1 on MM invasion, western blot analysis
was used to assess the levels of N-cadherin and vimentin.
SETDBI overexpression significantly increased the levels of
N-cadherin and vimentin in MM cells, while SETDB1 knock-
down significantly decreased these levels (Fig. 4B and C).
These results illustrated that SETDBI1 upregulation promoted
EMT in MM cells.

PI3K/AKT signaling is involved in SETDBI-induced
lenalidomide resistance and EMT in MM cells. To assess
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Figure 2. Construction of stable SETDB1-OE and -knockdown multiple
myeloma cell lines. (A) mRNA expression of SETDBI in 293T cells was
detected using reverse transcription-quantitative PCR, SETDBI1-sh1 were
selected for use in subsequent experiments. SETDBI1 expression levels were
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of SETDBI. SETDBI, SET domain bifurcated histone lysine methyltrans-
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the role of PI3K/AKT signaling in the SETDBI-trigerred
lenalidomide resistance of MM cells, MM cells were
treated with LY294002, a specific inhibitor of PI3K/AKT
signaling (33). LY294002 significantly increased the apoptosis
of MM cells, while SETDBI overexpression significantly
decreased apoptosis even following treatment with LY294002
(Fig. 5A and B). LY294002 increased the sensitivity of MM
cells to lenalidomide, while SETDBI overexpression coun-
teracted the effects of LY294002 (Fig. 5C). Western blot
analysis revealed that LY294002 significantly decreased the
levels of N-cadherin and vimentin and phosphorylation of
PI3K and AKT, however, SETDBI1 overexpression partially
offset the effects of LY294002 (Fig. 5D). Collectively, these
results indicated that inhibition of PI3K/AKT signaling
promoted the apoptosis of MM cells, sensitized MM cells
to lenalidomide and inhibited EMT of MM cells, however,
SETDBI overexpression suppressed the effects of PI3K/AKT
signaling inhibition. Furthermore, these results demonstrated
that SETDBI promoted lenalidomide resistance and EMT in
MM cells by increasing phosphorylation of PI3K and AKT
and thus activating PI3K/AKT signaling.

Discussion

MM is an incurable cancer of B cells that is defined by the
build-up of myeloma cells in the bone marrow, resulting in bone
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damage, anemia, renal impairment and hypercalcemia (34). Despite promising clinical activity, a number of patients
Lenalidomide is a second-generation immunomodulatory = with MM do not respond to lenalidomide due to drug
drug approved for treatment of primary and relapsed MM. resistance (35). Furthermore, lenalidomide monotherapy in
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Figure 5. PI3K/AKT signaling and epithelial-mesenchymal transition contribute to SETDBI-induced lenalidomide resistance in multiple myeloma. (A) Flow
cytometry analysis of apoptosis of U266 and RPMI-8226 cells after treatment with LY294002 and SETDBI overexpression. (B) Statistical analysis of apop-
tosis in each group. “P<0.01, ""P<0.001 vs. SETDBI1-NC; ##P<0.001 vs. LY294002 + SETDBI-NC. (C) ICs, values of lenalidomide were determined by Cell
Counting Kit-8 assay. LY294002 significantly reduced the ICs, value of lenalidomide, whereas SETDBI overexpression attenuated this effect. (D) Western
blot analysis revealed that the expression of N-cadherin and vimentin, as well as the phosphorylation of PI3K and AKT, were inhibited by LY294002; these
effects were counteracted by SETDBI1 overexpression. ““P<0.001 vs. SETDBI-NC; #P<0.05, #P<0.01 and ##P<0.001 vs. LY294002 + SETDBI1-NC. SETDBI,
SET domain bifurcated histone lysine methyltransferase 1; NC, negative control; OE, overexpression; ICy,, half maximal inhibitory concentration; N-cad,

N-cadherin; p, phosphorylation.

relapsed or refractory MM has only a 26% partial response
rate, with a median PFS of 4.9 months and a median OS of

23.2 months (36,37). Thus, to i

mprove the outcomes of patients
with MM, it is necessary to overcome lenalidomide resistance.
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Epigenetic modifications contribute to abnormal gene
expression in cancer. SETDBI, a histone lysine methyltrans-
ferase, is involved in methylation of DNA and the silencing
of genes (15). By suppressing tumor suppressor genes,
aberrant histone methylation of H3K9 by SETDBI leads to
carcinogenesis (38-40). Thus, SETDBI1 may be a promising
therapeutic target.

In the present study, analysis of the GEO datasets revealed
that SETDBI was upregulated in lenalidomide-resistant MM
cell lines and that patients with MM with high SETDBI expres-
sion had a worse PFS and OS compared with patients with low
SETDBI levels. These results indicated that SETDBI affects
prognosis of MM and may be associated with lenalidomide
resistance. Previous studies have established that SETDBI is
highly expressed in various types of cancer and affects prog-
nosis (41-43), which is consistent with the findings of the present
study. However, to the best of our knowledge, there are no
reports that indicate that SETDBI is involved in drug resistance.

In the present study, to elucidate the mechanisms
underlying lenalidomide resistance in myeloma cells,
SETDBI1-overexpressing and -knockdown plasmids were
transfected into U266 and RPMI-8226 myeloma cells. First,
it was confirmed that SETDBI silencing markedly attenu-
ated the proliferation of MM cells and enhanced sensitivity
to lenalidomide, whereas SETDBI overexpression exerted the
opposite effects. These results indicated that while SETDBI1
silencing may suppress cell proliferation, induce apoptosis and
sensitize MM cells to lenalidomide, its overexpression may
promote lenalidomide resistance in MM cells.

GSEA revealed that SETDBI was associated with the
PI3K/AKT/mTOR signaling pathway. PI3K/AKT signaling
is activated by binding of cytokines, including insulin-like
growth factor, IL-6 and VEGF, to cell surface receptors, which
triggers phosphorylation and activation of AKT. AKT acti-
vates proliferation and anti-apoptosis via mTOR-dependent
and -independent pathways (44-46). The PI3K/AKT signaling
pathway has been reported to promote the proliferation and
the survival of myeloma cells (47-49). This pathway is neces-
sary for MM cell proliferation and drug resistance, including
chemotherapy, radiotherapy and bortezomib treatment (21,50).

EMT is a step in carcinogenesis that mediates cancer cell
mobility, invasion and resistance to apoptotic stimuli (51).
There is increasing evidence to indicate that EMT activa-
tion promotes cancer drug resistance (52-54). In MM, early
myeloma recurrence is associated with EMT (55). It has been
demonstrated that EMT modulation via PI3K/AKT signaling
promotes MM progression (56). In the present study, SETDBI1
promoted the survival and proliferation of MM cells via EMT
and PI3K/AKT pathway activation, and similar findings have
been previously reported in other tumors (9,57), but this is
the first time it has been confirmed in MM cells. Moreover,
we found that SETDBI induced lenalidomide resistance in
multiple myeloma cells via epithelial-mesenchymal transi-
tion and PI3K/AKT pathway activation, which had not been
previously reported. Furthermore, these findings demonstrated
that SETDBI functioned via the activation of the PI3K/AKT
cascade and EMT.

In conclusion, the present study demonstrated that SETDB1
expression was elevated in lenalidomide-resistant MM cells
and affected prognosis of patients with MM. The functional

role of SETDBI in MM cell proliferation and lenalidomide
resistance was partly mediated by activation of EMT and
PI3K/AKT signaling. Thus, SETDBI may be a potential thera-
peutic target for MM.
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