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Abstract
Lenalidomide (LEN) is a mainstay for treating multiple myeloma (MM), but its efficacy is often limited by resistance. We 
investigated the interaction between aldo–keto reductase family 1 member C3 (AKR1C3) and Yin Yang 1 (YY1) and their 
roles in LEN resistance. We induced LEN-resistant MM cell lines (H929R and U266R). Loss- or gain-of-function assays 
of AKR1C3 and YY1 were used to analyse the half maximal inhibitory concentration (IC50) values, cell senescence, DNA 
damage, and glycolytic activity under LEN treatment. Chromatin immunoprecipitation was used to determine the interaction 
between YY1 and AKR1C3. As results, AKR1C3 and YY1 were upregulated in H929R and U266R cells. AKR1C3 silenc-
ing decreased the LEN’s IC50, slowed cell growth, enhanced senescence and DNA damage, reduced metabolic reprogram-
ming. YY1 activated the transcription of AKR1C3 by binding to its promoter region. Similarly, silencing YY1 enhanced 
LEN sensitivity, suppressed glycolysis, and was counteracted by AKR1C3 overexpression. Mechanistically, YY1-AKR1C3 
activated the Hedgehog pathway; fluticasone reversed the effects of AKR1C3 silencing on LEN resistance and glycolysis in 
H929R and U266R cells. Overall, YY1 activates AKR1C3 transcription and the Hedgehog pathway to increase LEN resist-
ance and glycolytic activity in MM cells.
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Introduction

Multiple myeloma (MM) is the second most common hae-
matological malignancy, with an estimated 187,774 new 
diagnoses according to global cancer statistics in 2022 [1]. 
As an incurable and heterogeneous disease, MM arises from 
uncontrolled proliferation of monoclonal plasma cells in the 
bone marrow, leading to the overproduction of nonfunctional 

intact immunoglobulins or immunoglobulin chains [2] and 
ultimately causing dysfunction of major organs [3]. MM 
cells can release angiogenesis-related proteins [4] and 
recruit/activate inflammatory cells [5]; these alterations in 
the tumour bone marrow (BM) microenvironment lead to 
angiogenesis and immunosuppression [6].

Lenalidomide (LEN), a first-line immunomodulatory 
imide drug (IMiD), is preferred as a mainstay for treating 
MM [7, 8]. Its therapeutic effects are mediated through mul-
tiple mechanisms [9], including suppression of proinflam-
matory cytokines to inhibit myeloid cell-mediated inflam-
mation [10], expansion of natural killer (NK) cell and T 
cell populations, and enhancement of cytotoxicity [11–13]. 
Although combination of IMiDs with other drugs, such 
as proteasome inhibitors, antibodies, and corticosteroids, 
can induce remission in most patients, but MM relapses in 
almost all patients due to acquired resistance of MM cells 
[8, 14]. IMiD resistance involves various molecular cascades 
or pathways [15]. To date, key mechanisms of LEN resist-
ance include CRBN downregulation, cell surface marker 
alterations, Wnt/β-catenin pathway upregulation, and epige-
netic modifications. Additional mechanisms such as CDK6 
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overexpression, c-MYC activation, MEK-ERK pathway 
hyperactivation, proinflammatory cytokine secretion, extra-
cellular vesicle release, and enhanced adhesion also war-
rant further investigation [16]. AKR1C3, a key enzyme in 
androgen biosynthesis, functions as an oncogenic driver by 
promoting tumour cell proliferation, invasion, and metas-
tasis, which is associated with poor prognosis and reduced 
overall survival in cancer patients [17]. This enzyme cataly-
ses diverse substrates, including carbohydrates, lipids, and 
steroids [18]. Notably, AKR1C3 endows hepatocellular car-
cinoma cells with adaptability to targeted therapy by regulat-
ing lipid droplet formation and glycolysis [19]. Metabolic 
reprogramming is a hallmark of cancer and involves altera-
tions in glucose, glutamine, and lipid metabolism, enabling 
tumour cells to thrive in hostile microenvironments and 
sustain rapid growth [20]. A central feature is the Warburg 
effect, whereby cancer cells preferentially utilize aerobic 
glycolysis over mitochondrial oxidative phosphorylation 
for energy production, as evidenced by elevated glucose 
uptake and lactate secretion even under normoxic condi-
tions [21–23]. This metabolic shift, driven by oncogenes 
and tumour suppressors, affects the expression and activity 
of various enzymes [24]. The Warburg effect also occurs 
in MM cells, ensuring their proliferation, growth, survival, 
and immune evasion, consequently leading to drug resist-
ance and uncontrolled disease progression [25]. However, 
whether AKR1C3 is associated with glycolysis and LEN 
resistance in MM cells remains unclear and requires experi-
mental validation.

YY1 is a transcription factor belonging to the GLI-
Krüppel class of zinc finger proteins [26]. Depending on its 
cofactors, YY1 functions as either a transcriptional activa-
tor or a repressor [27, 28]. Widely expressed in mammals, 
YY1 regulates cellular proliferation, differentiation, and 
tumorigenesis [29]. Notably, YY1 upregulation enhances 
chemo- and immunoresistance in cancer cells by promoting 
the transcription of antiapoptotic genes [30]. In MM, the 
YY1-induced lncRNA TUG1 upregulates YOD1 expression 
to reduce bortezomib sensitivity [31]. However, the exact 
functions of YY1 in LEN resistance in MM has not been 
elucidated.

This study aims to investigate the functional interplay 
between YY1 and AKR1C3, specifically their roles in medi-
ating LEN resistance and glycolysis in MM.

Materials and methods

Cell culture

The human MM cell lines U266 and H929 were obtained 
from the American Type Culture Collection (ATCC), veri-
fied through short tandem repeat profiling, confirmed to be 
free of mycoplasma contamination, and then cultured in 
RPMI-1640 medium (Thermo Fisher Scientific) supple-
mented with 20% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin inside an incubator at 37 °C with 5% CO2.

Artificial gene modification in cells

AKR1C3 (NM_001253908.2) or YY1 (NM_003403.5) 
was amplified, cloned, and inserted into the lentiviral vec-
tor pCDH-CMV-MCS-EF1-Pur (Solarbio), which was 
named AKR1C3 or YY1. The empty vector pCDH-CMV-
MCS-EF1-Pur served as a negative control (Emp). Double-
stranded oligos (ds-oligos) of AKR1C3 or YY1-specific 
short hairpin RNA (shRNA) sequences (Table 1) were 
cloned and inserted into the pLenti-shRNA-GFP-puro len-
tiviral vector (Asia-Vector Biotechnology), and the resulting 
recombinant plasmids were named AKR1C3-kd and YY1-
kd. The nonspecific pLenti-shRNA-GFP-puro lentiviral vec-
tor was used as a negative control (Scr). The lentiviral vec-
tors were cotransfected with the packaging plasmid psPAX2 
(#12,260; Addgene) and pMD2. G (#12,259; Addgene) into 
293 T cells at a 3:3:1 ratio (2.5 µg of lentiviral vector, 2.5 µg 
of psPAX2, and 0.83 µg of pMD2. G) using Lipofectamine 
(Thermo Fisher Scientific). Viral supernatants were har-
vested after 48 h, filtered and administered to the MM cell 
lines at a multiplicity of infection (MOI) of 80 for 24 h. 
Transduced cells were subsequently selected in complete 
medium containing 1 µg/ml puromycin for 7 days and main-
tained for subsequent experiments.

Table 1   shRNA sequences

Symbol Ds Oligos

AKR1C3-sh#1 5′-GAA​ACA​TTT​GCT​AGC​CAG​CTG​TTC​AAG​AGA​CAG​CTG​GCT​AGC​AAA​TGT​TTC​TTT​TTT-3′
AKR1C3-sh#2 5′-TGA​CAG​TGA​TGG​ATT​CAA​AAC​TTC​AAG​AGA​GTT​TTG​AAT​CCA​TCA​CTG​TCA​TTT​TTT-3′
AKR1C3-sh#3 5′-GGT​TCC​GCC​ATA​TAG​ATT​CTG​TTC​AAG​AGA​CAG​AAT​CTA​TAT​GGC​GGA​ACC​TTT​TTT-3′
YY1-sh#1 5′-GGA​AGC​AAG​AUG​GCC​CUU​CAT​TCA​AGA​GAT​GAA​GGG​CCA​UCU​UGC​UUC​CTT​TTT​T-3′
YY1-sh#2 5′-GAU​GCU​UGC​CAU​GUA​UUU​CAT​TCA​AGA​GAT​GAA​AUA​CAU​GGC​AAG​CAU​CTT​TTT​T-3′
YY1-sh#3 5′-GCA​UUC​UGU​CAU​CAG​GAU​AAT​TCA​AGA​GAU​UAU​CCU​GAU​GAC​AGA​AUG​CTT​TTT​T-3′
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Reverse transcription quantitative polymerase 
chain reaction (RT‒qPCR)

Total RNA was extracted from cells via FreeZol Reagent 
(R711-01, Vazyme), and cDNA was synthesized with the 
PrimeScript RT reagent kit (R233, Vazyme). qPCR anal-
ysis was performed using SYBR Premix Ex Taq (Q311, 
Vazyme). Relative gene expression, normalized to the refer-
ence gene GAPDH, was determined via the 2–ΔΔCT method. 
Primer sequences are listed in Table 2.

Western blot (WB) analysis

Total protein was extracted from cells via radioimmunopre-
cipitation assay lysis buffer (P0013B, Beyotime). Protein 
levels were determined via a BCA kit (P0010, Beyotime), 
the protein samples were separated via 12% SDS‒PAGE and 
transferred onto nitrocellulose membranes (Bio-Rad Labo-
ratories). The membranes were then blocked with 5% nonfat 
milk at room temperature for 30 min and incubated over-
night at 4 °C with primary antibodies (Table 3). The next 
day, the membranes were incubated with HRP-conjugated 
anti-mouse/rabbit IgG secondary antibodies for 2 h at 25 °C. 
The signal was developed via an enhanced chemilumines-
cence (ECL) Plus (P0018S, Thermo Fisher Scientific). Pro-
tein quantification was conducted via ImageJ 1.48u software.

Cell counting kit‑8 (CCK‑8) assay

The viability of the MM cells was evaluated via a CCK-8 
kit (C0038, Beyotime). Briefly, MM cells were suspended 
at a concentration of 1 × 105 cells/mL, seeded into 96-well 
plates, and treated with LEN at concentrations of 0.00, 
0.01, 0.10, 1.00, 5.00, 10.00, 100.00, and 1000.00 µM at 
37 °C for 1 h. Subsequently, 10 µL of CCK-8 reagent was 
added to each well, and the cells were incubated at 37 °C 

for 4 h. The optical density was measured at 450 nm via a 
microplate reader.

5‑Ethynyl‑2’‑deoxyuridine (EdU) labelling assay

Following the instructions of the EdU labelling kit 
(C0071S, Beyotime), MM cells were incubated with the 
EdU working solution for 2 h and then fixed with 4% 
paraformaldehyde at room temperature for 15 min. After-
ward, the cells were incubated with 0.3% Triton X-100 
at room temperature for 15 min. Apollo staining solution 
was then added, and the cells were incubated in the dark 
at room temperature for 30 min. Nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI) for 5 min, and the 
slides were mounted for observation under a fluorescence 
microscope.

Table 2   Primers

Symbol Forward Reverse

AKR1C3 5′-GTG​ATC​AAG​GAT​GAT​CGA​GGAG-3′ 5′-GAG​GAT​CTG​CCG​ACT​GTT​GAT-3′
HK2 5′-TGC​CCG​CTT​TGA​GAG​AGT​TT-3′ 5′-TGT​GAC​GAT​GTT​GGC​TTG​AG-3′
GLUT1 5′-CTT​TGT​GGC​CTT​CTT​TGA​AGTG-3′ 5′-CAT​TGT​AGG​ACA​GCC​AGG​AC-3′
LDHA 5′-ATG​GCA​ACT​CTA​AAG​GAT​CAGC-3′ 5′-GCG​TTG​CTC​AGA​GAT​TCC​AA-3′
GLI1 5′-CTC​CAG​GAC​TGG​CTG​ACT​G-3′ 5′-CTG​TGC​TGG​GTT​GTT​GCT​G-3′
PTCH1 5′-TGG​ATG​AGC​CAC​AAA​GTG​GA-3′ 5′-TGG​ACT​GGA​ACC​TGA​AGC​TG-3′
HIP1 5′-GCA​CCG​TGA​TGT​TTG​ACC​TA-3′ 5′-GTG​CAC​ACC​TTC​AGT​GTT​G-3′
ACTB 5′-AGA​GCT​ACG​AGC​TGC​CTG​AC-3′ 5′-AGC​ACT​GTG​TTG​GCG​TAC​AG-3′
AKR1C3-promo#1- ChIP‒qPCR 5′-GCT​GAG​GTT​GAG​GTT​GAG​GA-3′ 5′-CCA​GGT​GAG​GTA​GAG​GAG​GA-3′
AKR1C3-promo#2- ChIP‒qPCR 5′-GAG​GTG​AGG​TGA​GGA​AGG​AG-3′ 5′-GGA​GGA​GGA​AGG​AGG​TGA​GG-3′
AKR1C3-promo#3- ChIP‒qPCR 5′-GAG​GTT​GAG​GTT​GAG​GTT​GAG-3′ 5′-GGT​GAG​GAA​GGA​GGA​GGT​GAG-3′

Table 3   Antibodies

Target Catalogue Company

AKR1C3 PA5-28,065 Thermofisher
HK2 #2867 CST
GLUT1 #MA5-31,960 Thermofisher
LDHA #PA5-27,406 Thermofisher
GLI1 #2553 CST
PTCH1 #2468 CST
HIP1 #8226 CST
YY1 ab109237 abcam
ACTB #MA1-140 Thermofisher
gamma-H2AX A700-053 Thermofisher
CEBPA ab317442 abcam
PKM2 #4053 CST
ATF4 Ab85049 abcam
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Colony formation assay

After reaching 70%–80% confluence, the cells were col-
lected to obtain a single-cell suspension. The cell suspension 
was seeded into six-well plates with each well. Following a 
14-d incubation, the cells were fixed for 10 min and stained 
with 0.5% crystal violet for 5 min. Colonies were counted 
under a microscope.

Senescence‑associated beta‑galactosidase (SABG) 
staining

Beta-galactosidase staining was employed to assess the 
extent of senescence in MM cells following irradiation. 
The experimental protocol followed the instructions pro-
vided with the beta-galactosidase staining kit (40754ES60, 
Yeasen).

Immunofluorescence staining

The cells were plated on sterile glass slides, cultured for 
48 h, fixed with 4% paraformaldehyde for 15 min, permeabi-
lized with 0.25% Triton-X 100 for 10 min, and blocked with 
5% normal goat serum for 1 h. Immunofluorescence stain-
ing was performed with primary antibodies (Table 3). After 
being washed with phosphate-buffered saline (PBS), the 
cells were incubated with Alexa Fluor 488- or Alexa Fluor 
546-conjugated secondary antibodies (Life Technologies). 
After nuclear staining with DAPI, the cells were observed 
under a microscope.

ATP production assessment

ATP levels were assessed via an ATP assay kit (S0026, 
Beyotime) according to the manufacturer’s instructions. 
The cells were cultured in 12-well plates for 24 h, harvested 

with 200 μL of lysis buffer, and centrifuged at 12,000 × g 
for 5 min at 4 °C. Then, the supernatant was mixed with the 
detection solution. ATP concentrations were then analysed 
via a fluorescence spectrophotometer.

Glucose consumption and lactate production

The cells were cultured in the plates, upon reaching opti-
mal assay density, the cells were exposed to low-glucose 
(5 mM) medium for 4 h, followed by glucose-free medium 
for 30 min and then glucose-free medium supplemented with 
2.5 µg/mL 2-NBDG (ST2078, Beyotime) for another 30 min. 
Afterward, the cells were washed with PBS and harvested, 
and their fluorescence was measured via flow cytometry. 
Lactate production was quantified via a lactate colorimet-
ric/fluorometric assay kit (K607-100, BioVision) accord-
ing to the manufacturer’s instructions. First, the cells were 
cultured in six-well plates in complete medium for 24 h. 
Subsequently, the medium was replaced with fresh medium 
containing 5 mM glucose, and the cells were further cultured 
for 15 h. The activity of lactic dehydrogenase (LDH) was 
measured via a human LDH ELISA kit (Enzyme-linked) 
according to the manufacturer’s specifications.

Cell metabolic analysis

An XF24 extracellular flux analyser (Agilent Technologies) 
was used to analyse glycolysis and oxidative phosphoryla-
tion. The cells were seeded in XF24 plates at a density of 
1.2 × 104 cells/well to reach optimal assay density. First, the 
cells were incubated in experimental medium at 37 °C for 
1 h for baseline measurements. Various compounds prepared 
in the experimental medium were then added to each well. 
The extracellular acidification rate (ECAR) and oxygen 
consumption rate (OCR) were measured. The ECAR was 
reported as mpH/min and normalized to the protein con-
centration, whereas the OCR was reported as pmol/min and 
normalized to the protein concentration. Upon completion 
of the experiment, the cells were immediately collected, and 
the percentage in each well was normalized to the protein 
concentration.

Chromatin immunoprecipitation (ChIP)‑qPCR

ChIP was performed using a ChIP assay kit (Millipore Corp) 
following the manufacturer’s instructions. Briefly, 3 × 10⁷ 
MM cells per sample were crosslinked with 1% formalde-
hyde in culture medium for 10 min at room temperature. The 
crosslinking process was terminated by adding glycine to a 
final concentration of 125 mM (5-min incubation). After 
lysis and sonication, 1% of the soluble chromatin fraction 
was decrosslinked at 4 °C overnight and served as Input 
control. The remaining chromatin was immunoprecipitated 

Fig. 1   AKR1C3 is upregulated in LEN-resistant MM cells. A, 
Screening of significantly aberrantly expressed genes in MM via the 
GEO dataset GSE6477. B Analysis of aberrantly expressed genes 
in LEN-resistant MM samples via the GEO dataset GSE222411. C 
Venn diagram showing the intersection between genes from datasets 
GSE6477 and GSE222411 and the top three genes. D Expression 
levels of AKR1C3 in MM patients were analysed via data from The 
Cancer Genome Atlas (TCGA). E Significant correlation between 
high AKR1C3 expression and poor prognosis in MM patients accord-
ing to the GSE136324 dataset. F Comparison of LEN IC50 values 
between parental MM cell lines (H929 and U266) and LEN-resistant 
cell lines (H929R and U266R) analysed via a CCK-8 assay (n = 6). 
G Relative mRNA expression levels of AKR1C3 in H929R and 
U266R cells compared with those in parental cell lines, as determined 
via RT‒qPCR (n = 3). H Protein levels of AKR1C3 in H929R and 
U266R cells compared with those in parental cell lines, as determined 
by WB (n = 3). Differences were analysed using the Student’s t tests. 
The bar graphs present the means ± SDs of independent replicate 
experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001

◂
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using IgG, YY1, CEBPA, and ATF4 antibodies (2  μg) 
(Table 3). Antibody/chromatin complexes were then cap-
tured with protein G agarose (4 °C, 2 h). After resuspen-
sion and centrifugation to collect protein/DNA complexes, 
protein/DNA cross-links were decrosslinked to release free 
DNA. Purified DNA was subjected to qPCR to quantify 
protein‒DNA binding. The primer sequences are listed in 
Table 2.

Statistical analysis

Statistical analysis was conducted via Prism 8.0.2 (Graph-
Pad). Data were collected from a minimum of three individ-
ual experiments and expressed as the mean ± standard devia-
tion. Differences between two groups were assessed using 
the Student’s t tests. Survival analysis was performed via 
the log-rank test, with statistical significance set at p < 0.05.

Results

AKR1C3 is upregulated in LEN‑resistant MM cells

We mined significantly aberrantly expressed genes in MM 
from the GEO dataset GSE6477 (Fig. 1A). Additionally, 
aberrantly expressed genes in LEN-resistant MM patients 
were analysed via the GSE222411 dataset (Fig. 1B). Cross-
referencing revealed three intersecting genes (Fig. 1C). 
Among them, the expression of AKR1C3, which acts as 
an oncogenic factor [32], showed the most prominent dif-
ference. According to the data from the GSE136324 data-
set, AKR1C3 was considered to be highly expressed in 
MM (Fig. 1D). The data from the Cancer Genome Atlas 
(TCGA) revealed a significant correlation between high 
AKR1C3 expression and poor prognosis. All MM patients 

in the TCGA database received standard therapies includ-
ing proteasome inhibitors (PIs), immunomodulatory drugs 
(IMiDs), or monoclonal antibodies (mAbs) (Fig. 1E). To 
verify the role of AKR1C3 in LEN resistance, we con-
structed the LEN-resistant MM cell lines H929 and U266 
through an increasing gradient of LEN doses. Compared 
with the parental cell lines, these cell lines presented a sig-
nificantly increased half maximal inhibitory concentration 
(IC50) of LEN (Fig. 1F), indicating the successful generation 
of LEN-resistant cells, which were designated the H929R 
and U266R cell lines. Notably, RT‒qPCR and WB revealed 
markedly elevated levels of the AKR1C3 mRNA and protein 
in LEN-resistant cells (Fig. 1G, H).

Knockdown of AKR1C3 enhances LEN sensitivity 
in MM cells

To confirm the role of AKR1C3 in LEN resistance in MM 
cells, we subsequently transfected H929R and U266R cells 
with shRNA targeting AKR1C3. The mRNA and protein 
levels of AKR1C3 decreased significantly in these cell 
lines (Fig. 2A, B). Notably, this transfection significantly 
decreased the IC50 of LEN in both H929R and U266R 
cells, indicating their weaker resistance to LEN (Fig. 2C). 
In subsequent experiments, H929R and U266R cells 
were treated with LEN at a fixed concentration (10 nM). 
SABG staining revealed that the senescence of both cell 
lines was significantly increased upon ARK1C3 knock-
down (Fig. 2D). Moreover, their ability to form colonies 
and proliferate was impaired (Fig. 2E, F). Additionally, 
sh-AKR1C3 administration significantly increased the 
expression of gamma-H2AX in cells following LEN 
treatment, indicating a substantial increase in DNA dam-
age (Fig. 2G). These results confirmed the critical role of 
AKR1C3 in the resistance of MM cells to LEN.

AKR1C3 knockdown interrupts metabolic 
reprogramming in MM cells

Recent evidence has highlighted the role of AKR1C3 in 
modulating glycolysis [33]. Here, we found that the levels of 
glycolysis-related factors, such as HK2, GLUT1 and PKM2, 
in LEN-resistant MM cells significantly decreased following 
AKR1C3 knockdown (Fig. 3A, B). Additionally, knocking 
down AKR1C3 in cells reduced the production of ATP and 
lactate (Fig. 3C, D) and glucose uptake (Fig. 3E). Further-
more, XF24 extracellular flux analysis revealed a significant 
decrease in the ECAR but an increase in the OCR in drug-
resistant MM cells after AKR1C3 knockdown. Additionally, 
the ECAR and OCR of AKR1C3-knockdown LEN-resistant 
MM cells were similar to those of parental cells, indicating 
reversal of the Warburg phenotype (Fig. 3F, G). Consistent 

Fig. 2   AKR1C3 knockdown enhanced LEN sensitivity in MM cells. 
A After AKR1C3 knockdown, AKR1C3 mRNA and protein lev-
els were significantly reduced in the LEN-resistant MM cell lines 
H929R and U266R, as confirmed by RT‒qPCR and WB analysis. 
(n = 3). B WB analysis confirming decreased AKR1C3 protein lev-
els in H929R and U266R cells after shRNA transfection (n = 3). C 
Comparison of LEN IC50 values between control and AKR1C3-
knockdown (AKR1C3-kd) H929R and U266R cells (n = 6). D SABG 
staining showing increased senescence in H929R and U266R cells 
treated with LEN (10  nM) following AKR1C3 knockdown (n = 3). 
E Colony formation assay showing reduced colony formation ability 
in H929R and U266R cells after AKR1C3 knockdown under LEN 
treatment (n = 3). F Cell proliferation assay showing a significant 
decrease in the proliferative ability of H929R and U266R cells upon 
AKR1C3 knockdown under LEN treatment (n = 3). G Immunofluo-
rescence staining for gamma-H2AX indicating increased DNA dam-
age in H929R and U266R cells treated with LEN following AKR1C3 
knockdown (n = 3). Differences were analysed using the Student’s t 
tests. The bar graphs represent the means ± SDs of independent repli-
cate experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001

◂
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with these findings, AKR1C3 knockdown in H929R and 
U266R cells significantly reduced the activity of lactate 
dehydrogenase (LDH), an enzyme responsible for glycolysis 
and lactate production (Fig. 3H). Moreover, immunofluo-
rescence staining revealed that the colocalization of LDHA 

with mitochondria was inhibited in AKR1C3-knockdown 
cells (Fig. 3I).

Fig. 3   AKR1C3 knockdown 
interrupts metabolic repro-
gramming in MM cells. A, B 
RT‒qPCR and WB analysis 
showing decreased levels of 
HK2, GLUT1, and PKM2 in 
LEN-resistant MM cells fol-
lowing AKR1C3 knockdown 
(n = 3). C, D Quantification of 
ATP and lactate production in 
LEN-resistant MM cells, show-
ing significant reductions after 
AKR1C3 knockdown (n = 3). E 
Glucose uptake assay demon-
strating reduced glucose uptake 
in LEN-resistant MM cells upon 
AKR1C3 knockdown (n = 3). 
F, G Knockdown of AKR1C3 
counteracted the increase in the 
ECAR and decrease in the OCR 
in LEN-resistant MM cells 
(n = 3). H LDH activity assay 
showing significantly reduced 
LDH activity in LEN-resistant 
MM cells following AKR1C3 
knockdown (n = 3). I Immuno-
fluorescence staining indicating 
a decrease in the colocalization 
of LDHA (green) with mito-
chondria (red) in LEN-resistant 
MM cells upon AKR1C3 
knockdown. Nuclei were stained 
with DAPI (blue) (n = 3). Dif-
ferences were analysed using 
the Student’s t tests. The bar 
graphs present the means ± SDs 
of independent replicate experi-
ments. **p < 0.01, ***p < 0.001, 
****p < 0.0001 (color figure 
online)
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YY1 activates AKR1C3 transcription in MM cells

To further verify the upregulation of AKR1C3 in LEN 
resistance, we utilized the JASPAR website to predict tran-
scription factors that bind to the AKR1C3 promoter. The 
results identified YY1, CEBPA, and ATF4 as potential 
binding partners (Fig. 4A). Using anti-YY1 antibodies, 
ChIP‒qPCR revealed prominent precipitation of AKR1C3 
promoter segments. Furthermore, we noted a stronger asso-
ciation between YY1 and the AKR1C3 promoter in LEN-
resistant cells than the other two genes (Fig. 4B, C). The 
mRNA levels of YY1 were significantly elevated in U266R 
and H929R cells. Although the mRNA levels of CEBPA and 
ATF4 also increased in U266R or H929R cells, YY1 showed 
the greatest change (Fig. 4D). Consistent with these find-
ings, the protein levels of YY1 were significantly elevated 
in U266R and H929R cells (Fig. 4E). Therefore, we con-
sidered YY1 to be the main regulatory factor of AKR1C3. 
Using the GSE136324 dataset, we observed increased 
expression of AKR1C3 and YY1 in the MM cells of MM 
patients (Fig. 4F). Through survival analysis of the MMRF‐
CoMMpass cohort in the TCGA database, we observed a 
significant correlation between high YY1 expression and 
poor prognosis in MM patients (Fig. 4G). Additionally, 
AKR1C3 was positively correlated with YY1 expres-
sion (Fig. 4H). Moreover, YY1 overexpression in parental 
cells significantly increased AKR1C3 expression, whereas 
YY1 knockdown in LEN-resistant cells markedly reduced 
AKR1C3 levels (Fig. 4I, J). Additionally, YY1 overexpres-
sion in parental cells led to a notable increase in the LEN 
IC50, whereas YY1 knockdown in resistant cells resulted in 
a significant decrease in the LEN IC50 (Fig. 4K).

AKR1C3 overexpression restores LEN resistance 
and glycolysis in MM cells suppressed by YY1 
silencing

To further explore the interaction between YY1 and 
AKR1C3 in LEN resistance, we silenced YY1 in U266R 
and H929 cells with or without AKR1C3 overexpression 
(Fig. 5A, B). After silencing YY1, the IC50 values for LEN 
were markedly decreased in both cell lines, yet this effect 
was abrogated by subsequent overexpression of AKR1C3 
(Fig. 5C). Under 10 nM LEN treatment, YY1 silencing pro-
moted the senescence of U266R and H929 cells, but their 
ability to form colonies and proliferate was increased. How-
ever, these changes were reversed upon AKR1C3 overex-
pression (Fig. 5D–F). YY1 silencing was found to reduce 
the ECAR while enhancing gamma-H2AX and OCR in the 
two cell lines, and these effects were negated by AKR1C3 
overexpression (Fig. 5G–I). Furthermore, AKR1C3 overex-
pression restored lactate and ATP production and increased 
glucose consumption in H929R and U266R cells, and these 

changes were suppressed upon YY1 knockdown (Fig. 5J–L). 
Importantly, in YY1-low-expressing cells, AKR1C3 overex-
pression facilitated the colocalization of LDHA and mito-
chondria (Fig. 5M).

AKR1C3 activates the Hedgehog signalling pathway 
to increase LEN resistance in MM cells

To delve deeper into the downstream signalling pathways 
associated with AKR1C3, we conducted Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analysis on 
genes from the GSE222411 dataset that presented a correla-
tion coefficient greater than 0.3 with AKR1C3 expression. 
Our analysis revealed the predominant involvement of these 
genes in the Hedgehog, steroid hormone biosynthesis, and 
metabolic pathways (Fig. 6A). Previous studies have high-
lighted the pivotal role of the Hedgehog signalling pathway 
in drug resistance across various cancers [34].

Subsequently, we proved that the expression levels of 
key Hedgehog pathway markers (GLI1, HIP1, and PTCH1) 
increased significantly in LEN-resistant cells but then 
decreased upon AKR1C3 or YY1 knockdown. Conversely, 
YY1 overexpression in parental cells increased the expres-
sion of Hedgehog pathway markers (Fig. 6B, C).

Additionally, U266R and H929R cells with stable 
AKR1C3 knockdown were treated with the Hedgehog path-
way agonist fluticasone (FTS). FTS significantly reduced 
the sensitivity of cells to LEN (Fig. 6D–G), accompanied 
by glycolytic overactivity (Fig. 6H–M).

Discussion

Beyond direct antimyeloma effects, LEN’s pharmacologi-
cal activity in MM involves antiangiogenic suppression, 
immune modulation, and remodelling of the tumour micro-
environment [17]. Acquired drug resistance in MM arises 
through genomic instability, BM microenvironmental adap-
tation, ATP-binding cassette transporter upregulation, and 
epigenetic reprogramming [35]. Emerging evidence has 
delineated key pathways driving LEN resistance [16, 36]. In 
this study, we further revealed that YY1-mediated transcrip-
tion of AKR1C3 and activation of the Hedgehog signalling 
pathway play critical roles in acquired LEN resistance and 
glycolysis in MM cells.

Our bioinformatic analysis identified AKR1C3 as an 
aberrantly activated gene in LEN-resistant samples. We 
confirmed that AKR1C3 expression was increased in 
LEN-resistant MM cell lines compared with parental cell 
lines. AKR1C3 has been well established as a tumour 
promoter in castration-resistant prostate cancer, where 
it catalyses the synthesis of active androgens to pro-
mote tumour progression [37, 38]. In addition, emerging 
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Fig. 4   YY1 activates AKR1C3 transcription. A Prediction of tran-
scription factor binding to the AKR1C3 promoter via the JASPAR 
website, identifying YY1, CEBPA, and ATF4 as potential bind-
ing partners. B ChIP data showing a stronger association between 
YY1 and the AKR1C3 promoter than between CEPBA and ATF4 in 
LEN-resistant cells (n = 5). C ChIP showing increased precipitation 
of AKR1C3 promoter segments with anti-YY1 antibodies in LEN-
resistant cells compared with parental cells (n = 3). D mRNA levels 
of YY1, CEBPA, and ATF4 in LEN-resistant MM cells compared 
with parental cells, as demonstrated by RT‒qPCR analysis (n = 3). 
E WB analysis demonstrating elevated YY1 protein levels in LEN-
resistant MM cells compared with parental cells (n = 3). F Increased 
expression of AKR1C3 and YY1 was observed in MM cells from 
Fig. 4   YY1 activates AKR1C3 transcription. A Prediction of tran-
scription factor binding to the AKR1C3 promoter via the JASPAR 
website, identifying YY1, CEBPA, and ATF4 as potential bind-
ing partners. B ChIP data showing a stronger association between 
YY1 and the AKR1C3 promoter than between CEPBA and ATF4 in 
LEN-resistant cells (n = 5). C ChIP showing increased precipitation 

of AKR1C3 promoter segments with anti-YY1 antibodies in LEN-
resistant cells compared with parental cells (n = 3). D mRNA levels 
of YY1, CEBPA, and ATF4 in LEN-resistant MM cells compared 
with parental cells, as demonstrated by RT‒qPCR analysis (n = 3). 
E WB analysis demonstrating elevated YY1 protein levels in LEN-
resistant MM cells compared with parental cells (n = 3). F Increased 
expression of AKR1C3 and YY1 was observed in MM cells from 
MM patients in the GSE136324 dataset. G A significant correlation 
between high YY1 expression and poor prognosis in MM patients 
was detected in the GSE136324 dataset. H AKR1C3 expression was 
positively correlated with YY1 expression. I, J Effects of YY1 over-
expression and knockdown on AKR1C3 expression in parental and 
LEN-resistant MM cells, as assessed by RT‒qPCR and WB analysis 
(n = 3). K Comparison of LEN IC50 values between YY1-overex-
pressing parental MM cells and YY1-knockdown LEN-resistant MM 
cells, indicating the impact of YY1 on LEN resistance (n = 3). Differ-
ences were analysed using the Student’s t tests. The bar graphs pre-
sent the means ± SDs of independent replicate experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 (color figure online)
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evidence has highlighted the oncogenic role of AKR1C3 
in other malignancies, such as hepatocellular carcinoma 
[39, 40] and breast cancer [41]. Specifically, AKR1C3 has 
been associated with increased resistance of cancer cells 
to chemotherapeutics [42, 43]. In this study, we clarified 
the correlation between AKR1C3 and acquired LEN resist-
ance in MM cell lines, as AKR1C3 silencing significantly 
reduced LEN IC50 values and induced cell senescence and 
DNA damage. In myeloma, LEN may impair DNA repair 
and increase the sensitivity of cells to DNA damage [44]. 
Studies have shown that AKR1C3 adapts hepatocellular 
carcinoma cells to targeted therapy by regulating lipid 
droplet formation and glycolysis [19]. Similarly, AKR1C3 
has been reported to be correlated with autophagy-depend-
ent glycolysis in thyroid cancer cells through the activa-
tion of extracellular signal-regulated kinase (ERK) sig-
nalling [33]. Here, we found that AKR1C3 silencing in 
two LEN-resistant MM cell lines reduced the ECAR but 
increased the OCR, resulting in low lactate production, 
glucose uptake, LDH release, and decreased colocalization 
of LDHA1 with mitochondria within cells. These findings 
provide direct evidence that AKR1C3 mediates metabolic 
reprogramming to promote the growth and LEN resistance 
of MM cells.

As an upstream regulator of AKR1C3, YY1 was shown 
to bind to the AKR1C3 promoter in MM cell lines, particu-
larly in LEN-resistant cell lines. YY1 functions as either a 
transcriptional activator or repressor, depending on its cofac-
tors [27, 28]. However, the specific cofactors with which 
YY1 interacts to modulate AKR1C3 transcription remain 
unexplored in the present study. Increased YY1 stability has 
been correlated with tumorigenesis in MM [45]. Yin et al. 
reported in 2023 that YY1 promotes the proliferation and 
bortezomib resistance of MM cells by interacting with the 
lncRNA taurine upregulated gene 1 (TUG1) and upregulat-
ing YOD1 [31]. Here, we found that YY1 silencing similarly 
enhanced LEN sensitivity in LEN-resistant cells, which was 
due, at least in part, to the upregulation of AKR1C3. These 
findings provide novel evidence that YY1 is correlated with 
increased LEN resistance in MM. YY1 increases immune 
resistance in tumour cells by modulating the expression of 
programmed cell death ligand 1 (PD-L1), an immune check-
point point leading to T-cell exhaustion [46]. As described 
above, LEN exerts MM-eliminating effects partly by increas-
ing the T-cell population and its cytotoxicity [11–13]. 
Therefore, YY1 may also confer LEN resistance to cells 
by directly modulating PD-L1 expression, which requires 
further investigation.

Subsequent KEGG enrichment analysis revealed the 
close involvement of AKR1C3-related genes in Hedgehog 

signalling, a key pathway associated with cell stemness and 
drug resistance across various cancers [34, 47, 48], including 
MM [49, 50]. Here, we observed that this signalling path-
way, which is activated by YY1 and AKR1C3, was impli-
cated in the acquisition of LEN resistance and the enhance-
ment of glycolytic activity in MM cells. In addition, the 
Hedgehog agonist FTS restored LEN resistance and glyco-
lysis in cells whose resistance was suppressed by AKR1C3 
silencing. This evidence provides a deeper understanding of 
the oncogenic effects of YY1 and AKR1C3 in MM.

Emerging evidence highlights immune modulation and 
metabolic reprogramming as promising strategies to over-
come drug resistance in MM. MM-driven metabolic remod-
eling fosters a hypoxic, acidic, and nutrient-deprived tumour 
BM microenvironment, which impairs antitumour immu-
nity and induces angiogenesis [51]. Studies have shown 
that drugs targeting the glycolytic pathway can play an anti-
MM role [52] and overcome drug resistance [53]. In colon 
cancer studies, JHU083, a compound that blocks glutamine 
metabolism, can suppress the Warburg effect in tumours 
and activate T cells [54]. Direct targeting of angiogenic 
cytokines/receptors has not shown good efficacy in patients 
with MM [55]. These underscoring the importance of com-
bination regimens based on antitumour, antiangiogenic, and 
antidrug resistance agents. For instance, the combination 
of GANT61 and valproic acid synergistically inhibits the 
proliferation of multiple myeloma cells through the suppres-
sion of the Hedgehog signalling pathway [49]. The YY1-
AKR1C3-Hedgehog axis we identified in LEN-resistant MM 
cells may provide novel biomarker and therapeutic targets 
for LEN-resistant MM patients. Although further research 
is needed to better understand resistance mechanisms, our 
study potentially offers a novel combination therapy for the 
treatment of MM.

The clinical relevance of our results could be enhanced 
with a longer patient follow-up period. The resistance 
mechanisms in MM are multifaceted, and critical aspects 
such as comprehensive validation of resistance persistence 
and evaluation of potential cross-resistance patterns among 
IMiDs require further systematic investigation. Here, we 
confirmed the role of the YY1-AKR1C3-Hedgehog axis in 
LEN-resistant MM cells, but further details, such as whether 
YY1 interacts with other elements and the specific mecha-
nism by which the Hedgehog pathway mediates glycolysis, 
remain to be determined.

In conclusion, YY1 induces the transcription of 
AKR1C3 to activate the Hedgehog signalling pathway, 
thus enhancing LEN resistance and glycolytic activity in 
MM cells. Any member of the YY1/AKR1C3/Hedgehog 
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Fig. 5   AKR1C3 overexpression restores LEN resistance and glyco-
lysis in MM cells suppressed by YY1 silencing. A AKR1C3 mRNA 
levels in H929R and U266R cells following YY1 knockdown (YY1-
kd) and AKR1C3 overexpression (AKR1C3) were determined via 
RT‒qPCR (n = 3). B WB confirming increased AKR1C3 protein lev-
els in cells following YY1 knockdown and AKR1C3 overexpression 
(n = 3). C Comparison of LEN IC50 values in cells, as determined 
by the CCK-8 assay (n = 6). D SABG staining showing senescence 
in cells treated with 10 nM LEN (n = 3). E Colony formation ability 
of the cells was determined via a colony formation assay (n = 3). F 
Proliferation of cells determined via an EdU labelling assay (n = 3). 

G Immunofluorescence staining for gamma-H2AX indicating DNA 
damage in cells (n = 3). H, I. Assessment of the ECAR and OCR 
in cells (n = 3). J Assessment of ATP production in cells (n = 3). K 
Assessment of lactate production in cells (n = 3). L Assessment of 
glucose uptake in cells (n = 3). M Colocalization of LDHA (green) 
and mitochondria (red) in cells was analysed by immunofluorescence 
staining; nuclei were stained with DAPI (blue) (n = 3). Differences 
were analysed using the Student’s t tests. The bar graphs present 
the means ± SDs of independent replicate experiments. **p < 0.01, 
***p < 0.001, ****p < 0.0001 (color figure online)
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Fig. 6   AKR1C3 activates the Hedgehog signalling pathway to 
increase LEN resistance in MM cells. A KEGG enrichment analysis 
of genes with correlation coefficients greater than 0.3 with AKR1C3 
expression in the GSE222411 dataset. B, C Detection of the mRNA 
and protein expression levels of key markers in the Hedgehog signal-
ling pathway in parental and LEN-resistant cells via qPCR and WB 
(n = 3). D U266R and H929R cells with stable AKR1C3 knockdown 
were additionally treated with the Hedgehog pathway agonist flu-
ticasone. LEN IC50 values in cells determined by the CCK-8 assay 
(n = 6). E SABG staining showing senescence in H929R and U266R 
cells under 10 nM LEN treatment (n = 3). F Colony formation ability 

of the cells was determined via a colony formation assay (n = 3). G 
Proliferation of cells determined via an EdU labelling assay (n = 3). 
H, I Assessment of the ECAR and OCR in cells (n = 3). J Assess-
ment of ATP production in cells (n = 3). K Assessment of lactate 
production in cells (n = 3). L Assessment of glucose uptake in cells 
(n = 3). M Colocalization of LDHA (green) and mitochondria (red) 
in cells was analysed by immunofluorescence staining; nuclei 
were stained with DAPI (blue) (n = 3). Differences were analysed 
using the Student’s t tests. The bar graphs present the means ± SDs 
of independent replicate experiments. **p < 0.01, ***p < 0.001, 
****p < 0.0001 (color figure online)
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axis may be targeted to overcome LEN resistance and 
aberrant energy metabolism during MM progression.
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