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Introduction
The reprogrammed metabolism is a distinct feature of 
cancer and plays a significant role in the initiation and 
progression of tumors. Unlike normal differentiated 
cells, which primarily utilize oxidative phosphorylation 
for energy production, cancer cells rely on the glycolytic 
pathway to generate ATP, even in the presence of suffi-
cient oxygen. This metabolic phenomenon is referred to 
as “aerobic glycolysis” or the “Warburg effect” [1]. The 
shift from oxidative phosphorylation to glycolysis leads 
to increased glucose consumption, lactate release, and 
provides essential support for the rapid proliferation of 
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Abstract
The Warburg effect, characterized by the shift toward aerobic glycolysis, is closely associated with the onset and 
advancement of tumors, including multiple myeloma (MM). Nevertheless, the specific regulatory mechanisms of 
glycolysis in MM and its functional role remain unclear. In this study, we identified that growth differentiation factor 
15 (GDF15) is a glycolytic regulator, and GDF15 is highly expressed in MM cells and patient samples. Through gain-
of-function and loss-of-function experiments, we demonstrated that GDF15 promotes MM cell proliferation and 
inhibits apoptosis. Moreover, GDF15 enhances Warburg-like metabolism in MM cells, as evidenced by increased 
glucose uptake, lactate production, and extracellular acidification rate, while reducing oxidative phosphorylation. 
Importantly, the tumor-promoting effects of GDF15 in MM cells are fermentation-dependent. Mechanistically, 
GDF15 was found to promote the expression of key glycolytic genes, particularly the glucose transporter GLUT1, 
through the activation of the TGFβ signaling pathway. Pharmacological inhibition of the TGFβ signaling pathway 
effectively abrogated the oncogenic activities of GDF15 in MM cells, including cell proliferation, apoptosis, and 
fermentation. In vivo experiments using a subcutaneous xenotransplanted tumor model confirmed that GDF15 
knockdown led to a significant reduction in tumor growth, while GDF15 overexpression promoted tumor growth. 
Overall, our study provides insights into the molecular mechanisms underlying MM pathogenesis and highlights 
the potential of targeting GDF15-TGFβ signaling -glycolysis axis as a therapeutic approach for future therapeutic 
interventions in MM.
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cancer cells by supplying ample cellular building blocks 
[2, 3]. Consequently, numerous studies have suggested 
that targeting aerobic glycolysis holds promise as a thera-
peutic approach for treatment [4, 5].

Multiple myeloma (MM) is a type of cancer that origi-
nates from plasma cells and accounts for approximately 
10% of all hematological neoplasms [6–8]. The disease is 
characterized by symptoms such as hypercalcemia, pain-
ful bone lesions, kidney damage, anemia, and weight 
loss [9, 10]. Currently, the primary treatment for MM 
involves stem cell transplantation [7, 11]. However, for 
patients who are not suitable candidates for this proce-
dure or those with recurrent MM, chemotherapy options 
such as proteasome inhibitors and immunomodulators 
are available [12, 13]. While these treatment approaches 
have notably improved the median progression-free sur-
vival, MM remains incurable, largely due to incomplete 
understanding of the biological processes underlying 
the disease. Therefore, it is crucial to elucidate the exact 
pathogenesis of MM.

Growth differentiation factor 15 (GDF15) belongs to 
the transforming growth factor-β (TGFβ) superfamily 
[14]. It exists as a homodimer, consisting of two polypep-
tide chains with 112 amino acids, connected by an inter-
chain disulfide bond. GDF15 is expressed at low levels in 
most tissues under physiological conditions. However, 
in various pathological processes such as inflammation, 
injury, and cancer, the expression of GDF15 is signifi-
cantly up-regulated, and it plays a role in regulating these 
disease processes [15–19]. For example, GDF15 expres-
sion is induced during cancer cachexia, and neutralizing 
GDF15 has been shown to effectively reverse body weight 
loss and restore physical performance [20]. In the con-
text of MM, GDF15 expression is notably increased in 
MM patients compared to controls [21]. Elevated levels 
of GDF15 have been associated with advanced MM dis-
ease stage, anemia, and inflammation [22]. Despite these 
associations, the precise molecular mechanisms through 
which GDF15 operates in MM remain largely unknown.

In this study, we performed differential analysis in MM 
and confirmed the overexpression pattern of GDF15. 
Notably, we have uncovered a previously unrecognized 
role of GDF15 in modulating the Warburg effect of MM 
cells. Furthermore, we have observed that GDF15 is 
capable of activating the TGFβ signaling pathway, lead-
ing to the transcriptional induction of glycolytic genes, 
particularly the glucose transporter GLUT1, thereby 
enhancing fermentation. We have also found that genetic 
silencing of GDF15 effectively inhibits MM progression 
both in vitro and in vivo.

Materials and methods
Cells and reagents
The MM cell lines (ARP1, H929, KMS-11, LP-1, 
RPMI8826, and U266) were acquired from the Ameri-
can Type Culture Collection and the Shanghai Cell Bank 
(Chinese Academy of Science, Shanghai, China). Prior 
to experiments, the cell lines underwent authentica-
tion through STR profiling. Primary MM cells were iso-
lated from bone marrow aspirates from MM patients 
using anti-CD138 antibody-coated magnetic beads 
(Miltenyi Biotec, Germany). Peripheral blood mono-
nuclear cells (PBMC) were obtained from fresh buffy 
coats from healthy donors. All MM cells were cultured 
in RPMI-1640 or IMEM (Gibco) supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin under standard cell culture conditions (37 °C, 5% 
CO2). Patient samples were obtained from the Depart-
ment of Hematology of Jinshan Hospital, Fudan Univer-
sity, during the period from January 2022 to December 
2023. The procedures followed medical-ethics approval 
practices. Recombinant human GDF15 (rGDF15; 228-
12036) was purchased from RayBiotech (Norcross, 
GA, USA). Recombinant human TGFβ (7754-BH) was 
obtained from R&D Systems (Minneapolis, MN, USA). 
LY2109761, a TGFβ receptor inhibitor, was obtained 
from a biochemical company (S2704; Selleck, USA).

Animal experiments
For the in vivo assays, 8-week-old male B-NDG mice 
were obtained from Biocytogen Co., Ltd. (Jiangsu 
Province, China). The mice were housed in a specific 
pathogen-free environment in full compliance with insti-
tutional policies. They were randomly divided into four 
groups, with five repeats for each group: RPMI8826-
shNC and RPMI8826-shGDF15, H929-OE-vector and 
H929-OE-GDF15. Each mouse received a subcutaneous 
injection of 1 × 106 cells. The development and progres-
sion of solid tumors was longitudinally monitored over 
4 weeks. Tumor volume (V) was calculated twice a week 
using the formula: V= (length × width2)/2. This study was 
reviewed, approved, and supervised by the Institutional 
Animal Care and Use Committee of Fudan University.

shRNA and overexpression experiments
GDF15-targeting shRNAs for MM cells (sh-GDF15-#1, 
sh-GDF15-#2, sh-GDF15-#3) and its negative control 
(sh-NC) were designed and synthesized by GenePharma 
Technology Co., Ltd. (Shanghai, China). The sequences 
for GDF15-targeting shRNAs were: sh-GDF15-#1,  G C T 
A C A A T C C C A T G G T G C T C A; sh-GDF15-#2,  G C C A A 
A G A C T G C C A C T G C A T A; sh-GDF15-#3,  G C C C A A A 
C A G C T G T A T T T A T A. Full coding sequence of human 
GDF15 gene or control sequence was cloned into pcDNA 
3.1 plasmids to generate pcDNA 3.1-GDF15 (OE-GDF15) 
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and pcDNA 3.1-NC vector (OE-vector), respectively. To 
package the virus, 293T cells were used along with virus 
packaging auxiliary plasmids psPAX2 and pMD2G. 24 h 
prior to transfection, 5 × 106 293T cells were seeded onto 
each 100 mm culture plate. A mixture of 12 µg of target 
plasmid, 9 µg of psPAX2 and 3 µg pMD2G in 500 µl of 
OPTI-MEM was prepared and left at room temperature 
for 5 min. Additionally, 6 0 µl PEI (Cat#: 408727, Sigma) 
was dissolved in 500 µl serum-free medium, left at room 
temperature for 5  min, and then mixed with the previ-
ous tube. After 20 min at room temperature, the mixture 
was added to the Petri dish and cultured under 37 °C and 
5% CO2 After 6 h, the culture medium was replaced with 
complete medium, and the culture was continued for 
48 h. The supernatant was collected into a 15 ml centri-
fuge tube and stored at 4  °C. The lentivirus supernatant 
was filtered with a 0.45 μm filter, centrifuged at 80,000 g 
at 4 °C for 6 h, and the supernatant was discarded. Finally, 
200  µl of culture medium was added to each dish of 
cells to dissolve the lentivirus precipitate. The virus was 
diluted to 200 times with fresh culture solution, and 8 µg/
ml of polybrene was added. The cells were then infected 
for 8 h, after which the fresh culture was replaced and the 
cells were incubated for 72 h. The interference efficiency 
was detected by PCR and western blotting.

Cell proliferation assay
Cell proliferation was examined using the CCK-8 assay. 
Specifically, 2 × 103 indicated MM cells were seeded onto 
96-well plates per well and cultured overnight at 37 °C. At 
24, 48, 72, and 96 h, 10 µl of CCK-8 solution was added to 
each well. After incubation for 1.5  h, the absorbance at 
450 nm was detected using a microplate reader (BioTek).

Apoptosis analysis by flow cytometry
The detection of apoptotic cells was carried out using 
Annexin V-FITC/PI staining. Cultured MM cells (5 × 105 
cells/sample) were harvested, washed with cold PBS, 
and then resuspended in 400 µL of Annexin binding 
buffer. Following this, 5 µL of annexin V-FITC and 5 µL 
of PI (BD Pharmingen; BD Biosciences) were added to 
each sample. After thorough mixing, the samples were 
incubated for 20  min in the dark at room temperature. 
Subsequently, the stained samples were subjected to 
measurement using flow cytometry within 1  h. and the 
resulting data were analyzed using the BD FACSCalibur 
System.

Glucose uptake and lactate production measurements
The glucose and lactate levels in the culture medium were 
measured using a glucose uptake assay kit (colorimet-
ric, Abcam, ab136955) and a lactate assay kit (Biovision, 
CA; K607-100), respectively, following the manufactur-
ers’ instructions. Subsequently, the glucose uptake and 

lactate release were normalized to the total protein level 
of each sample.

Seahorse experiments
The glycolytic flux (extracellular acidification rate, 
ECAR) and respiratory capacity (oxygen consumption 
rate, OCR) analyses of MM cells (RPMI8226 and H929) 
were conducted using the Seahorse XF96 Extracellular 
Flux Analyzer from Seahorse Bioscience, Billerica, MA, 
USA. The myeloma cells were attached to the bottom 
of a 24-well plate using Cell-Tak cell and tissue adhesive 
from BD Biosciences. For the ECAR detection, glucose, 
ATP synthase inhibitor (oligomycin, O), and 2-Deoxy-
D-glucose (2-DG) were added to the microplate, and the 
change in pH was monitored to reflect the glycolysis level 
of the cells. In the detection of OCR, ATP synthase inhib-
itor oligomycin, mitochondrial uncoupler FCCP, and 
antimycin A/rotenone (A&R) were added to the micro-
plate, and the change in oxygen concentration was moni-
tored. Finally, the ECAR and OCR data were normalized 
to the total protein level of each sample for analysis.

ELISA assay
The cell culture medium of different MM cells was har-
vested and prepared as a 10 times dilution. The commer-
cial ELISA kits for human GDF15 (#DGD150) and mouse 
GDF15 (#MGD150) were obtained from R&D Systems 
(Minneapolis, MN, USA). The GDF15 level in the culture 
medium and tissue sample was then detected following 
the manufacturer’s instructions provided with the ELISA 
kit.

RNA isolation and quantitative real-time PCR
Total RNA was extracted from MM cells and PBMC 
using Trizol from Invitrogen Life Technologies, Carlsbad, 
CA, USA, following the manufacturer’s protocol. The 
concentration and A260/A280 of the RNA samples were 
measured using a NanoDrop spectrophotometer. The 
cDNA synthesis was carried out using the HiScript II 1st 
Strand cDNA Synthesis Kit (Cat. #R211-002, Vazyme). 
Real-time qPCR was performed with SYBR Green Master 
Mix (Cat. #HY-K0523, MedChemExpress) in an ABI7500 
PCR instrument. ACTB was used as the endogenous 
reference gene for normalization. The primer sequences 
were as follows:
 
GDF15 forward, 5’- G A C C C T C A G A G T T G C A C T C C-3’;
GDF15 reverse, 5’- G C C T G G T T A G C A G G T C C T C-3’;
HK2 forward, 5’- T T G A C C A G G A G A T T G A C A T G G G-3’;
HK2 reverse, 5’- C A A C C G C A T C A G G A C C T C A-3’;
PKM2 forward, 5’- A T A A C G C C T A C A T G G A A A A G T G 
T-3’;
PKM2 reverse, 5’- T A A G C C C A T C A T C C A C G T A G A-3’;
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SLC2A1 forward, 5’- A T T G G C T C C G G T A T C G T C A A 
C-3’;
SLC2A1 reverse, 5’- G C T C A G A T A G G A C A T C C A G G G T 
A-3’;
LDHA forward, 5’- A T G G C A A C T C T A A A G G A T C A G 
C-3’;
LDHA reverse, 5’- C C A A C C C C A A C A A C T G T A A T C 
T-3’;
SMAD2 forward, 5’- T C A T A G C T T G G A T T T A C A G C C A 
G-3’;
SMAD2 reverse, 5’- T T C T A C C G T G G C A T T T C G G T 
T-3’;
ACTB forward, 5’- C A T G T A C G T T G C T A T C C A G G C-3’;
ACTB reverse, 5’- C T C C T T A A T G T C A C G C A C G A T-3’.

Western blotting
Total proteins were extracted from specified MM cells 
using RIPA lysis buffer containing protease and phos-
phatase inhibitors (P1261, Solarbio, China). The protein 
concentration was determined using the BCA Protein 
Assay Kit, followed by the addition of 5× SDS-PAGE 
Loading Buffer and heating at 95 °C for 5 min. For SDS-
PAGE Electrophoresis, the protein samples were loaded 
onto a 15% acrylamide separation gel and subjected to 
electrophoresis at 70 V for 30 min, followed by 120 V for 
60  min. Subsequently, a 250  mA constant current wet 
transfer was performed for 90  min. The membrane was 
then blocked with 5% skimmed milk powder at room 
temperature for 1  h, followed by overnight incubation 
with primary antibodies at 4 °C. The next day, after wash-
ing the membrane with TBST, the secondary antibody 
labeled with HRP (1:5000) was added and incubated 
at room temperature for 1  h. Following this, the mem-
brane was washed with TBST and developed with che-
miluminescence detection liquid (PK10003, Proteintech). 
Finally, the immunoblots were visualized using a GelDoc 
Go gel imaging system (Bio-Rad Company, America), 
with β-actin serving as the internal control. The follow-
ing primary antibodies were used: GDF15 (27455-1-AP, 
Proteintech), PKM2 (#4053, Cell Signaling Technology), 
GLUT1 (21829-1-AP, Proteintech), LDHA (21799-1-AP, 
Proteintech), HK2 (66974-1-Ig, Proteintech), p-Smad2 
(#18338, Cell Signaling Technology), Smad2 (#5339, Cell 
Signaling Technology), p-Smad3 (#9520, Cell Signaling 
Technology), Smad3 (#9523, Cell Signaling Technology), 
and β-actin (66009-1-Ig, Proteintech).

Chromatin immunoprecipitation (ChIP)
MM cells were seeded in a 6-mm dish at a density of 
2 × 106 for the ChIP assay using the ChIP Assay kit 
(Thermo Fisher Scientific, USA) following the manu-
facturer’s instructions. In brief, 37% formaldehyde was 
first added to crosslink proteins, and the reaction was 
terminated with 0.125 M glycine, followed by ultrasonic 

treatment. To determine the binding of SAMD2 to the 
promoter of SLC2A1, the chromatin-protein complex 
was immunoprecipitated with 5  µg anti-Smad2 anti-
body or 1 µg control IgG. The immunoprecipitated DNA 
was then amplified using specific primers to analyze the 
binding site of SLC2A1 gene promoter. The SLC2A1 pro-
moter-specific primers were described as follows:
 
SLC2A1-prt-F1, 5’- C T G G T G C C A T G A A G A A G G A C C G 
T G-3’;
SLC2A1-prt-R1, 5’- C A A G G C T T C A A T T C C T G T G G T C 
T C-3’;
SLC2A1-prt-F2, 5’- G G A T C A C G A G G T C A A G A G T T C A 
A G A-3’;
SLC2A1-prt-R2, 5’- C A T T A A G G A C A T G A T A G A C C T C 
G-3’;
SLC2A1-prt-F3, 5’- G A G A A C G A G C C G A T C G G C A G C 
C-3’;
SLC2A1-prt-R3, 5’- G C C A T T G G C T G G C G A C G C C G G T 
G-3’;
SLC2A1-prt-F4, 5’- G C A G G A G A C C A A A C G A C G G G G 
G T C-3’;
SLC2A1-prt-R4, 5’- C A G C G C T G C G C T G G T G G C T C T G 
G-3’.

Luciferase reporter assay
The PCR product of different SLC2A1 promoter regions 
was inserted into a pGL3-Basic plasmid. MM cells were 
then seeded into 24-well plates at a density of 2 × 105 
cells per well. When the cells reached 70–80% conflu-
ence, the reporter gene plasmid and pRL-TK (internal 
control plasmid) were co-transfected into the cells. After 
24 h culture, the cells were collected, and the luciferase 
and Renilla reporter signals were detected using a dual-
luciferase reporter kit (Promega Luciferase Assay System 
E1501). Finally, the ratio of firefly luciferase to Renilla 
luciferase for each group was calculated as a measure of 
promoter activity.

Statistical analysis
The differentially expressed genes were identified based 
on a published dataset deposited to GEO datasets under 
the accession number GSE6477. All data are presented 
as mean ± SD and are representative of three indepen-
dent experiments. Statistical significance was determined 
using GraphPad Prism (San Diego, CA) with two-tailed 
unpaired Student t-tests for comparison of two groups 
and one-way ANOVA for comparison of more than two 
groups. P values less than 0.05 were considered statisti-
cally significant.
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Results
GDF15 is identified as a differentially expressed gene in 
MM
Initially, to identify the critical genes involved in MM, 
we analyzed the gene expression data of plasma cells 
from MM patients. We selected the GEO series 6477 
(GSE6477) [23], which includes newly diagnosed MM 

(n = 75), relapsed MM (n = 28), the precancerous states 
monoclonal gammopathy of undetermined significance 
(MGUS, n = 21), and normal donor samples (n = 15) 
for our analysis. Among the genes with the largest fold 
change (Top 10), we found GDF15 to be of particular 
interest due to its lower p-value and false discovery ratio 
(FDR) (Fig.  1A). GDF15 expression levels did not differ 

Fig. 1 GDF15 is identified as a differentially expressed gene in MM. (A) Differential analysis showed the genes upregulated in MM tissues, ranked by fold 
change. Data was derived from GSE6477 dataset. (B) GDF15 expression level in samples from normal donor (n = 15), MGUS (n = 21), newly diagnosed MM 
(n = 75), and relapsed MM (n = 28). (C) Real-time qPCR showed GDF15 mRNA level in MM cell lines and healthy control cells (n = 3 per group). (D) Western 
blotting showed GDF15 protein level in MM cell lines and healthy control cells. (E) ELISA showed secreted GDF15 level in MM cell lines and healthy control 
cells (n = 3 per group). (F) Real-time qPCR showed GDF15 mRNA level in samples from 12 MM patients and 7 healthy donors. (G) ELISA showed secreted 
GDF15 level in serum samples from 12 MM patients and 7 healthy donors. (H) ELISA showed GDF15 protein level in serum samples from 7 MM patients 
and 7 healthy donors. Experiments in C-E were repeated two times, while experiments in F-H were not repeated. P values were calculated using unpaired 
two-tailed Student’s t-test or one-way ANOVA for Tukey’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant
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significantly among patients with MGUS, newly diag-
nosed MM, and relapsed MM (Fig. 1B). Next, we investi-
gated GDF15 expression in a series of MM cell lines. We 
observed that compared to normal PBMC, the mRNA 
level of GDF15 was highly expressed in MM cells (ARP1, 
H929, KMS-11, LP-1, RPMI8826, and U266) (Fig.  1C). 
This finding was confirmed by Western blotting, which 
showed that H929 cells had the lowest GDF15 protein 
level, while RPMI8826 cells had the highest GDF15 pro-
tein level (Fig. 1D). Additionally, ELISA demonstrated a 
similar expression pattern in the secreted level of GDF15 
(Fig. 1E).

To further verify the expression pattern of GDF15 in 
clinical samples, we compared GDF15 expression in 12 
MM patients and 7 healthy donors. Both real-time qPCR 
and ELISA revealed that GDF15 was highly expressed 
in MM compared to normal controls (Fig. 1F-G). Addi-
tionally, western blotting showed that the GDF15 protein 
level was much higher in MM samples (n = 7) compared 
to healthy controls (n = 7) (Fig. 1H). These findings collec-
tively indicate that GDF15 is highly expressed in MM and 
may act as a tumor promoter.

GDF15 exhibits growth-promoting and anti-apoptotic 
roles in MM
To investigate the potential oncogenic roles of GDF15 in 
MM, we conducted gain-of-function and loss-of-func-
tion studies. RPMI8826 cells were selected for loss-of-
function experiments, while H929 cells were chosen for 
gain-of-function experiments (Fig. 2A-B). The shGDF15-
#1, which exhibited high knockdown efficiency, was uti-
lized for further investigation. Using the CCK-8 assay, we 
demonstrated that genetic silencing of GDF15 inhibited 
cell proliferation in RPMI8826 cells, whereas overex-
pression of GDF15 promoted cell proliferation in H929 
cells (Fig.  2C). Under serum starvation conditions, the 
cell apoptosis ratio of RPMI8826 cells was significantly 
increased by GDF15 knockdown, while the apoptosis 
of H929 cells was reduced by GDF15 overexpression 
(Fig. 2D). Furthermore, by utilizing recombinant human 
GDF15 protein (rGDF15), we observed that rGDF15 sig-
nificantly promoted the cell proliferation of H929 cells 
and protected them from starvation-induced apopto-
sis (Fig.  2E-F). These findings collectively suggest that 
GDF15 is involved in the regulation of MM cell prolifera-
tion and apoptosis.

GDF15 induces glycolytic metabolism in MM cells
To unravel the underlying cellular mechanism of GDF15 
in MM, we conducted an analysis of GDF15-related 
molecular events. For this purpose, we performed 
gene set enrichment analysis in GSE6477 based on the 
median expression value of GDF15 mRNA level. Using 
the HALLMARK gene sets, we observed that GDF15 

was associated with numerous signaling cascades, par-
ticularly HALLMARK_GLYCOLYSIS, HALLMARK 
PANCREAS BETA CELLS, HALLMARK EPITHELIAL 
MESENCHYMAL TRANSITION, and HALLMARK_
TGF_BETA_SIGNALING (Fig. 3A). Given the significant 
changes in glycolysis, we subsequently investigated the 
potential implication of GDF15 on the Warburg effect of 
MM cells.

We conducted experiments to assess the impact of 
genetic manipulation of GDF15 on glucose consump-
tion and lactate production by harvesting the culture 
medium. Our findings revealed that both glucose uptake 
and lactate production were decreased upon GDF15 
knockdown, while the opposite results were observed 
with GDF15 overexpression (Fig. 3B-C). Additionally, we 
utilized the Seahorse XF24 Extracellular Flux Analyzer 
to analyze the extracellular acidification rate (ECAR) and 
oxygen consumption rate (OCR). For the ECAR analysis, 
we presented ECARmax and glycolytic reserve. In the 
OCR analysis, OCRmax and spare respiratory capacity 
(SRC) were normalized to the non-mitochondrial res-
piration to account for the influence of other non-mito-
chondrial sources of oxygen consumption. The results 
demonstrated that GDF15 knockdown significantly 
inhibited the glycolytic capacity of RPMI8226 cells, while 
oxidative phosphorylation, indicated by OCRmax and 
SRC, was enhanced (Fig. 3D). Conversely, GDF15 overex-
pression induced a metabolic shift from oxidative phos-
phorylation to fermentation, as evidenced by increased 
ECAR and reduced OCR (Fig. 3E). The effects induced by 
GDF15 overexpression were mirrored by rGDF15, which 
also promoted the Warburg-like metabolism of H929 
cells, as evidenced by increased glucose uptake, lactate 
production, ECAR, and OCR (Fig. 3F-H).

To determine whether the cellular functions of GDF15 
are dependent on enhanced glycolysis, we blocked gly-
colysis pathway with 2-Deoxy-D-glucose (2-DG). As a 
result, 2-DG largely mitigated the pro-proliferation and 
anti-apoptotic effects induced by GDF15 overexpression 
(Fig. 3I-J). Collectively, these findings suggest that GDF15 
may enhance glycolysis to support its oncogenic activities 
in MM cells.

GDF15 promotes the expression of glycolytic genes in MM 
cells
To investigate how GDF15 enhances glycolysis in MM, 
we analyzed several key glycolytic components, including 
hexokinase 2 (HK2), pyruvate kinase M2 (PKM2), lactate 
dehydrogenase A (LDHA), and the glucose transporter 
GLUT1 (encoded by the SLC2A1 gene). Real-time qPCR 
analysis revealed that GDF15 knockdown led to reduced 
expression of these genes, with the most notable impact 
observed on SLC2A1 mRNA. In contrast, GDF15 over-
expression or treatment with rGDF15 stimulated the 
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expression of these glycolytic genes (Fig. 4A). Consistent 
with the mRNA data, western blotting confirmed the 
stimulatory effects of GDF15 on the protein expression 
of these glycolytic enzymes and the glucose transporter 
(Fig. 4B).

Recently, several studies have suggested that GDF15 
binds with TGFβRII and activates downstream SMAD2/3 
pathways [24, 25]. The expression of glycolytic genes 
induced by GDF15, including PKM2, SLC2A1, HK2, 
and LDHA, shows a pattern that is indeed similar to 
the expression profiles observed with TGFβ stimulation 

(Supplementary Fig. 1). Additionally, we observed a close 
association between the activation of the TGFβ signal-
ing pathway and GDF15 expression (Fig. 4C). Therefore, 
we conducted further tests to examine the link between 
GDF15 and the TGFβ signaling pathway in MM cells. 
Western blotting results showed that the phosphorylated 
levels of Smad2 and Smad3, indicators of TGFβ signal-
ing activation, were reduced by GDF15 knockdown in 
RPMI8226 cells, while increased by GDF15 overexpres-
sion or treatment with rGDF15 in H929 cells (Fig.  4D). 

Fig. 2 GDF15 exhibits growth-promoting and anti-apoptotic roles in MM.(A) Real-time qPCR showed the GDF15 mRNA level in MM cells (RPMI8826 and 
H929) with GDF15 knockdown or overexpression (n = 3 per group). (B) Western blotting showed the GDF15 protein level in MM cells (RPMI8826 and 
H929) with GDF15 knockdown or overexpression. (C) CCK-8 assay showed the effects of GDF15 knockdown or overexpression on the cell proliferation of 
RPMI8826 or H929 cells (n = 3 per group). (D) Annexin V/PI staining assay showed the effects of GDF15 knockdown or overexpression on the cell apoptosis 
of RPMI8826 or H929 cells under serum starvation (n = 3 per group). (E) CCK-8 assay showed the effects of recombinant GDF15 protein on the cell pro-
liferation of H929 cells (n = 3 per group). (F) Annexin V/PI staining assay showed the effects of recombinant GDF15 protein on the cell apoptosis of H929 
cells under serum starvation (n = 3 per group). All experiments were repeated two times. P values were calculated using unpaired two-tailed Student’s 
t-test. **P < 0.01, ***P < 0.001
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Fig. 3 (See legend on next page.)
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These findings suggest that GDF15 can indeed activate 
the TGFβ signaling pathway.

The oncogenic activities of GDF15 are dependent on the 
activation of TGFβ signaling pathway
To interrogate whether the activation of the TGFβ sig-
naling pathway is essential for the functions of GDF15 
in MM cells, we pharmacologically inhibited the TGFβ 
signaling pathway using a small molecule inhibitor, 
LY2109761. Through CCK-8 assay, we demonstrated that 
the increased cell proliferation induced by GDF15 over-
expression was effectively reduced by LY2109761 in H929 
cells (Fig. 5A). Similarly, the anti-apoptotic role of GDF15 
in H929 cells was abrogated by LY2109761 (Fig. 5B). We 
repeated these experiments with rGDF15 and found sim-
ilar results when LY2109761 was used (Fig. 5C-D).

Furthermore, we examined the effects of LY2109761 
on MM cell glycolysis. As illustrated in Fig.  5E-H, the 
stimulatory effects of GDF15 on glucose uptake, lactate 
production, ECAR, and OCR were significantly inhibited 
by LY2109761. Similarly, the enhanced glycolysis induced 
by rGDF15 was also suppressed by LY2974002 (Fig. 5I-L). 
In summary, these findings strongly suggest that GDF15 
modulates MM cell functions, encompassing cell prolif-
eration, apoptosis, and glycolysis, through the regulation 
of the TGFβ signaling pathway.

Transcriptional regulation of SLC2A1 by GDF15-TGFβ 
signaling cascades in MM
The TGFβ signaling pathway is known to activate the 
expression of multiple glycolytic genes in various cellular 
systems [26, 27]. In this study, we focused on the study 
of SLC2A1 due to its significant influence by GDF15. We 
observed that the upregulation of SLC2A1 induced by 
GDF15 overexpression or rGDF15 was effectively sup-
pressed by LY2109761, as confirmed by real-time qPCR 
(Fig.  6A) and western blotting analysis (Fig.  6B). The 
mRNA levels of PKM2, HK2, and LDHA induced by 
GDF15 were reduced to varying extents by treatment 
with LY2109761 (Supplementary Fig. 2).

To investigate the transcriptional regulation of SLC2A1 
expression by the Smad complex, we selected the 

DNA sequence of the SLC2A1 transcription start site 
− 2000 ~ + 222, which was predicted to contain multiple 
binding sites for Smad2. Subsequently, we designed four 
pairs of primers for different segments, and the purified 
DNA after ChIP was analyzed using qPCR, revealing a 
significant enrichment in the P4 segment (Fig. 6C). Addi-
tionally, a luciferase reporter experiment was conducted 
to further confirm the regulatory effect of the Smad 
complex on the expression of the SLC2A1 gene. The 
results indicated that the promoter activity of different 
segments was comparable (Fig.  6D), suggesting that the 
transcriptional regulatory activity primarily resides in the 
− 500 ~ + 222 segment.

As a second line of evidence, we genetically silenced 
Smad2 and observed a marked reduction in SLC2A1 
expression following Smad2 knockdown (Fig.  6E). This 
finding was further confirmed by western blotting analy-
sis (Fig. 6F). Notably, the luciferase reporter assay dem-
onstrated that Smad2 interference can down-regulate 
the stimulatory effect of GDF15 on the SLC2A1 pro-
moter activity (Fig.  6G). These data collectively support 
the notion that GDF15 can induce SLC2A1 expression 
through Smad complex-dependent transcriptional 
regulation.

GDF15 promotes tumor growth of MM cells in vivo
To further validate the oncogenic roles in an in vivo 
setting, we established a subcutaneous xenotrans-
planted tumor model using human MM cells in nude 
mice. Each mouse was administered a subcutaneous 
injection of 1 × 106 RPMI8226 or H929 cells with either 
GDF15 knockdown or overexpression. Consistent 
with the results observed in the in vitro experiments, 
GDF15 knockdown led to a significant reduction in 
the growth of tumors formed by RPMI8226 cells, while 
GDF15 overexpression resulted in the promotion of 
tumor growth in H929 cell-formed tumors (Fig.  7A). 
This was evidenced by the analysis of tumor growth 
curves and the measurement of final tumor weight 
(Fig.  7B-C). We also measured the serum levels of 
GDF15 in above animal models and found no signifi-
cant difference in GDF15 levels between the treatment 

(See figure on previous page.)
Fig. 3 GDF15 induces glycolytic metabolism in MM cells. (A) GSEA showed the cellular events related to GDF15 expression. The GSE6477 dataset and the 
HALLMARK gene sets were used for analysis. (B) The effects of GDF15 knockdown or overexpression on the glucose consumption of RPMI8826 or H929 
cells. (C) The effects of GDF15 knockdown or overexpression on the lactate production of RPMI8826 or H929 cells. (D) Seahorse analysis showed the effects 
of GDF15 knockdown on the ECAR and OCR of RPMI8826 cells. (E) Seahorse analysis showed the effects of GDF15 overexpression on the ECAR and OCR 
of H929 cells. (F) The effects of recombinant GDF15 protein on the glucose consumption of H929 cells. (G) The effects of recombinant GDF15 protein on 
the lactate production of H929 cells. (H) Seahorse analysis showed the effects of recombinant GDF15 protein on the ECAR and OCR of H929 cells. (I) CCK-8 
assay showed the effects of GDF15 overexpression on the cell proliferation of H929 cells in the presence or absence of 2-DG. (J) Annexin V/PI staining assay 
showed the effects of GDF15 overexpression on the cell apoptosis H929 cells under serum starvation in the presence or absence of 2-DG. For ECAR and 
OCR analysis, OCRmax, SRC, ECARmax, and glycolytic reserve were calculated; OCRmax and SRC were normalized to the non-mitochondrial respiration. 
Experiments in B-J were repeated two times and data were generated with three replicates. P values were calculated using unpaired two-tailed Student’s 
t-test. *P < 0.05, **P < 0.01. Glc, glucose; 2-DG, 2-deoxy-d-glucose; O, oligomycin; F, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP); A&R, 
rotenone/antimycin A; SRC, spare respiratory capacity
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and control groups. This indicates that the observed 
decrease in MM cell proliferation upon genetic modi-
fication of GDF15 is not due to variations in GDF15 
serum levels, but rather indicates a local effect (Sup-
plementary Fig.  3). Furthermore, we tested the thera-
peutic efficacy of GDF15 neutralizing antibody using 
the subcutaneous xenotransplanted tumor model with 
RPMI8226 cells. Consistently, neutralizing GDF15 sig-
nificantly inhibited tumor growth (Fig. 7D-F).

Discussion
Previous research has demonstrated that GDF15 is a 
versatile molecule capable of regulating various bio-
logical processes, including bone remodeling, hema-
topoiesis, energy homeostasis, adipocyte metabolism, 
and response to diverse stress signals [20, 28–33]. In 
the context of tumors, the role of GDF15 is also com-
plex and depends on the specific cancer type, disease 
stage, and tumor microenvironment. In the context of 
tumors, GDF15 has been observed to have a multifac-
eted impact on promoting cancer. Its effects encom-
pass various aspects such as facilitating tumor growth, 

Fig. 4 GDF15 promotes the expression of glycolytic genes in MM cells. (A) Real-time qPCR analysis showed the effects of GDF15 knockdown, GDF15 
overexpression, and rGDF15 on the mRNA expression of glycolytic genes in RPMI8826 and H929 cells (n = 3 per group). (B) Western blotting showed the 
effects of GDF15 knockdown, GDF15 overexpression, and rGDF15 on the protein expression of glycolytic genes in RPMI8826 and H929 cells. (C) GSEA plot 
of TGFβ signaling pathway, enriched based on the median expression of GDF15 in the GSE6477 dataset. (D) Western blotting showed the effects of GDF15 
knockdown, GDF15 overexpression, and rGDF15 on the activation of TGFβ signaling pathway, as indicated by p-Samd2 and p-Samd3. Experiments in A, 
B, D were repeated two times. P values were calculated using unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5 (See legend on next page.)
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promoting metastasis, contributing to drug resistance, 
aiding in immune escape mechanisms, and influenc-
ing changes in the tumor microenvironment [34–36]. 
These diverse roles underscore the complex involve-
ment of GDF15 in the progression and behavior of 
cancerous growths. In this study, we broaden the 
understanding of GDF15’s role in regulating cancer 
metabolism and elucidate the cellular mechanisms 
through which it exerts its oncogenic effects in MM.

Historically, numerous independent studies have con-
sistently reported that the glial cell line-derived neuro-
trophic factor (GDNF) family receptor α-like (GFRAL) 
serves as the receptor for GDF15. The three-dimen-
sional structure study also indicates a high affinity 
between GDF15 and GFRAL, underscoring the signifi-
cance of their interaction [37, 38]. Furthermore, it has 
been demonstrated that the functionality of GDF15 
is contingent upon its binding with GFRAL, particu-
larly in the regulation of body weight and cancer-asso-
ciated cachexia [39, 40]. Our research has revealed a 
novel aspect of GDF15’s functionality, demonstrating 
its ability to activate the TGFβ signaling pathway in a 
manner distinct from the classical receptor action of 
GFRAL. This significant finding is underpinned by the 
bioinformatics analysis, followed by validation with 
western blotting. Despite being a divergent member 
of the TGFβ superfamily, GDF15 has been shown not 
to directly bind with the TGFβ receptor, as evidenced 
by previous studies [24, 25]. Instead, it forms a bind-
ing interaction with the GFRAL receptor. For instance, 
upon GDF15 binding, GFRAL engages with its co-
receptor, RET, leveraging the signals of ERK and AKT 
[41]. However, it is important to note that some stud-
ies also support the notion that GDF15 can activate 
the TGFβ signaling pathway through alternative mech-
anisms. For instance, it has been observed that GDF15 
counteracts chemokine-induced neutrophil integrin 
activation through the ALK-5/TGFβRII heterodi-
mer [24]. In this study, the overexpression of GDF15 
or treatment with recombinant GDF15 enhanced cell 
viability and fermentation while reducing apoptosis. 

These effects were still significantly observed even 
in the presence of LY2109761, indicating that there 
may be additional pathways, beyond the TGFβ sig-
naling pathway, contributing to the roles of GDF15 in 
MM. This complex interplay underscores the intricate 
nature of GDF15’s signaling pathways and highlights 
the need for further investigation to fully comprehend 
its diverse functional roles.

This study holds promise for two potential clinical 
applications. Firstly, the measurement of GDF15 levels 
in patients’ serum could serve as a valuable biomarker 
for both diagnosis and prediction. Previous research 
has indicated that while GDF15 may not significantly 
predict survival rates, its elevated serum concentra-
tion is closely associated with advanced stage pf MM, 
anemia, renal function impairment, and inflamma-
tion [22]. Additionally, following autologous stem cell 
transplantation, a notable decrease in GDF15 levels in 
MM patients suggests its potential predictive value for 
treatment response [42]. These findings underscore 
the potential utility of GDF15 as a biomarker in guid-
ing clinical decision-making and monitoring disease 
progression and treatment outcomes in MM patients. 
Secondly, our experiments provide evidence that 
GDF15 can effectively suppress the growth of MM in 
vitro and in vivo. Currently, there is clinical research 
focused on GDF15, with GDF15/GFRAL being utilized 
as drug targets for conditions such as anorexia and 
cachexia [40]. Additionally, there is ongoing explora-
tion of GDF15 neutralizing antibodies for their poten-
tial in addressing cancers [43], anti-infection measures 
[44], and managing the side effects caused by platinum 
chemotherapy [45]. Consistently, we also showed that 
GDF15 neutralizing antibody was effective in control 
MM growth. Therefore, the targeting of GDF15 holds 
promise for potential applications in treating MM, 
offering a certain level of application prospect.

In summary, our study unveils the significant role 
of GDF15 as a promoter of fermentation, contribut-
ing to its involvement in promoting MM. Notably, 
the function of GDF15 is not reliant on its classical 

(See figure on previous page.)
Fig. 5 The oncogenic activities of GDF15 are dependent on the activation of TGFβ signaling pathway. (A) CCK-8 assay showed the effects of GDF15 over-
expression on the cell proliferation of H929 cells in the presence or absence of LY2109761. (B) Annexin V/PI staining assay showed the effects of GDF15 
overexpression on the cell apoptosis of H929 cells under serum starvation in the presence or absence of LY2109761. vs. OE-vector: *P < 0.05, **P < 0.01; vs. 
OE-GDF15: ++P < 0.01; vs. OE-vector + LY2109761: #P < 0.05. (C) CCK-8 assay showed the effects of rGDF15 on the cell proliferation of H929 cells in the pres-
ence or absence of LY2109761. (D) Annexin V/PI staining assay showed the effects of rGDF15 on the cell apoptosis of H929 cells under serum starvation in 
the presence or absence of LY2109761. vs. NC: **P < 0.01, ***P < 0.001; vs. GDF15: ++P < 0.01; vs. GDF15 + LY2109761: ##P < 0.01. (E-G) The effects of GDF15 
overexpression on the glucose uptake, lactate production, ECAR, and OCR changes of H929 cells in the presence or absence of LY2109761. vs. OE-vector: 
*P < 0.05, **P < 0.01; vs. OE-GDF15: ++P < 0.01; vs. OE-vector + LY2109761: #P < 0.05, ##P < 0.01. (H) Statistics for ECARmax, glycolytic reserve, OCRmax, and 
SRC in G. OCRmax and SRC were normalized to the non-mitochondrial respiration. (I-K) The effects of rGDF15 on the glucose uptake, lactate production, 
ECAR, and OCR changes of H929 cells in the presence or absence of LY2109761. vs. NC: **P < 0.01; vs. GDF15: +P < 0.05, ++P < 0.01; vs. GDF15 + LY2109761: 
##P < 0.01. (L) Statistics for ECARmax, glycolytic reserve, OCRmax, and SRC in K. OCRmax and SRC were normalized to the non-mitochondrial respiration. 
All experiments were conducted three times, and data from each experiment were generated using three replicates. P values were calculated using un-
paired two-tailed Student’s t-test or one-way ANOVA for Tukey’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. Glc, glucose; 2-DG, 2-deoxy-
d-glucose; O, oligomycin; F, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP); A&R, rotenone/antimycin A; SRC, spare respiratory capacity
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receptor GFRAL, but rather operates through the acti-
vation of the TGFβ signaling pathway. The TGFβ sig-
nal cascades govern the expression of glycolytic genes 
through the Samd transcription complex, leading to 
the enhancement of the Warburg effect. This study 

further broadens our understanding of the role and 
mechanism of GDF15 in tumors, thereby providing a 
foundational basis for its potential targeting in MM 
treatment.

Fig. 6 Transcriptional regulation of SLC2A1 by GDF15-TGFβ signaling cascades in MM. (A) In H929 cells, real-time qPCR analysis showed the effects of 
GDF15 overexpression or rGDF15 on the mRNA expression of SLC2A1 in the presence or absence of LY2109761 (n = 3 per group). (B) In H929 cells, western 
blotting showed the effects of GDF15 overexpression or rGDF15 on the protein expression of SLC2A1 in the presence or absence of LY2109761. (C) CHIP 
experiment analysis showed the enrichment of Smad2 in the different promoter region of SLC2A1 gene. (D) Luciferase reporter assay showed the promot-
er activity of different segments upon rGDF15 stimulation (n = 3 per group). (E-F) Real-time qPCR and western blotting analysis showed the knockdown 
efficiency of SMAD2 gene and its effects on the mRNA expression of SLC2A1 (n = 3 per group). (G) Luciferase reporter assay showed the SLC2A1 promoter 
activity upon GDF15 overexpression and SMAD2 knockdown (n = 3 per group). All experiments were repeated two times. P values were calculated using 
unpaired two-tailed Student’s t-test or one-way ANOVA for Tukey’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001
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