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Abstract   

Multiple myeloma (MM) remains an incurable haematological malignancy despite substantial 

advances in therapy. The hypoxic bone marrow induces metabolic rewiring in MM cells 

contributing to survival and drug resistance. Therefore, targeting metabolic pathways may 

offer an alternative treatment option. In this study, we re-purpose two FDA-approved drugs, 

syrosingopine and metformin. Syrosingopine was used as a dual inhibitor of monocarboxylate 

transporter 1 and 4 (MCT1/4) and metformin as an inhibitor for oxidative phosphorylation 

(OXPHOS). Anti-tumour effects were evaluated for single agents and in combination therapy. 

Survival and expression data for MCT1/MCT4 were obtained from the TT2, Mulligan and 

MMRF-cohort. Cell death, viability and proliferation were measured using Annexin V/7-AAD, 

CellTiterGlo and BrdU, respectively. Metabolic effects were assessed using Seahorse 

Glycolytic Rate assays and LactateGlo assays. Differential protein expression was 

determined using western blotting and the SUnSET method was implemented to quantify 

protein synthesis. Finally, the syngeneic 5T33MMvv model was used for in vivo analysis. 

High level expression of MCT1 and MCT4 both correlated with a significantly lower overall 

survival of patients. Lactate production as well as MCT1/MCT4 expression were significantly 

upregulated in hypoxia, confirming the Warburg effect in MM. Dual inhibition of MCT1/4 with 

syrosingopine resulted in intracellular lactate accumulation and reduced cell viability and 

proliferation. However, only at higher doses (>10 µM), was syrosingopine able to induce cell 

death. By contrast, combination treatment of syrosingopine with metformin was highly 

cytotoxic for MM cell lines and primary patient samples and resulted in a suppression of both 

glycolysis and OXPHOS. Moreover, pathway analysis revealed an upregulation of the energy 

sensor p-AMPKα, and more downstream a reduction in protein synthesis. Finally, the 

combination treatment resulted in a significant reduction in tumour burden in vivo. This study 

proposes an alternative combination treatment for MM and provides insight in the intracellular 

effects.  
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Introduction 

 
Multiple myeloma (MM) is a haematological malignancy originating from malignant plasma 

cells, which have engrafted and accumulate in the bone marrow (BM) [1]. Despite substantial 

advances in therapeutic strategies, the disease remains incurable. Emergence of drug-

resistant cells can be partly attributed to their development and survival in the hypoxic BM 

environment that forms a protective niche. This hypoxia favours metabolic rewiring of the MM 

cells, characteristic of a more resistant phenotype [2–5]. 

 

Malignant cells display a metabolic plasticity and can switch from oxidative phosphorylation 

(OXPHOS) to the less efficient aerobic glycolysis for rapid ATP production [5]. Cancer cells 

increase their glycolytic rate to compensate, resulting in an increased conversion of pyruvate 

to lactate. This phenomenon is also known as the Warburg effect, which is well described for 

several solid cancers such as colorectal cancer and non-small cell lung carcinoma [6,7]. 

However, its role in MM is less defined.  

 

To cope with accumulation of lactate and acidification, cells export lactate via 

monocarboxylate transporters (MCTs) [8]. MCTs shuttle monocarboxylates such as L-lactate 

across the cell membrane in a proton-linked manner. Several MCT isoforms have been 

described, however only four can transport lactate (MCT1–4). MCT1 is a bidirectional 

transporter ubiquitously expressed among tissues, whereas MCT2 is expressed in testicular 

tissue, brain, and renal tubules. MCT3 is only expressed in retinal tissue and choroid plexus 

[8]. MCT4 is upregulated in hypoxia via hypoxia-inducible factor 1α (HIF1α) and allows 

glycolytic cells to rapidly export lactate out of the cell [9]. Overexpression of MCTs in 

glycolyzing tumour cells allows them to export lactate that would otherwise become toxic. 

MCTs may therefore be a particularly important target in glycolyzing tumours or tumours 

growing in a hypoxic environment such as the BM [9]. Several studies reported that the 

overexpression of MCT1 and MCT4 in malignant cells maintains cellular homeostasis and 

their expression on tumour cells is associated with a poor prognosis in the case of solid 
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tumours [10–12]. For MM, it has also been described that MCT1 is a marker for therapy 

resistance [13]. Inhibition of MCTs leads to intracellular lactate accumulation and decreased 

the cellular pH, resulting in a reduced cell proliferation in both solid and haematological 

cancers [14–16]. One MCT1 inhibitor, AZD3965, is currently in clinical trial (phase 1) for 

patients with advanced Burkitt’s lymphoma and diffuse large B-cell lymphoma 

(NCT01791595). However, cells with high MCT4-expression showed resistance to AZD3965 

[17]. Therefore, simultaneous inhibition of MCT1 and MCT4 might be a more feasible 

strategy. Recently, syrosingopine (FDA-approved anti-hypertensive drug) was described as 

dual inhibitor of MCT1 and MCT4, showing good potency for both transporters [18]. Moreover, 

it has been shown that the hampered proliferation caused by MCT inhibition can be 

augmented with anti-diabetic biguanides such as metformin and phenformin [19]. These 

drugs cause specific inhibition of complex I (NADH: ubiquinone oxidoreductase) of the 

electron transport chain, preventing the oxidation of NADH to NAD+ leading to decreased 

ATP levels [20]. MCT inhibition generates an intracellular accumulation of lactate, resulting 

in negative feedback on lactate dehydrogenase, which effectuates the conversion of pyruvate 

to lactate. Simultaneously with this conversion, co-factor NADH is oxidized to NAD+. 

Mechanistically, the combination of syrosingopine and metformin results in a NAD+ depletion, 

leading to a block in glycolysis [18]. However, the intracellular effects of this dual inhibition 

on cancer cells needs to be further elucidated. 

 

The present study shows that metformin in combination with dual inhibition of MCT1 and 

MCT4 by syrosingopine not only results in a potent cytotoxic activity against MM cell lines 

and primary MM cells, but also has anti-tumour activity in vivo. We found that these FDA-

approved drugs cause inhibition of glycolysis and OXPHOS, leading to decreased energy 

levels. Mechanistically, the phosphorylation of the energy sensor AMPKα was enhanced, 

leading to downstream inhibition of the mTOR-pathway and a reduction in protein synthesis. 

Taken together, we demonstrate that the syrosingopine/ metformin combination has 

significant therapeutic potential in MM. 
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Materials and methods 

Gene expression data 

Gene expression profiling data of the total therapy 2 (TT2) cohort [21,22] and Mulligan cohort 

[23] were consulted via the web tool Genomicscape (http://www.genomicscape.com). The 

TT2 cohort is a microarray-based gene expression data set of 345 newly diagnosed MM 

patients from the University of Arkansas for Medical Sciences (UAMS, AR, USA; GSE2658), 

while the Mulligan cohort contains microarray-based gene expression data set of 264 MM 

patients (GSE9782). Data were analysed using the MAS5 algorithm [24]. The MMRF 

CoMMpass Trial (NCT01454297) [25] comprises DNA- and RNA-seq data obtained at 

diagnosis and at subsequent relapse. Data from this longitudinal study are publicly available 

(research.themmrf.org). Survival curves were plotted using data from 653 patients, while 

expression levels comparing newly diagnosed to matched relapsed/refractory samples were 

available for 49 patients. 

 

Cell culture 

Human myeloma cell lines (HMCLs) OPM-2, LP-1, RPMI-8226, JJN-3 and ANBL-6 (ATCC, 

Molsheim, France) were cultured in RPMI-1640 medium (Thermo Fisher Scientific, Aalst, 

Belgium), supplemented with 10% heat-inactivated fetal bovine serum (Hycone, Logan, UT, 

USA), 2 mM L-glutamine, and 100 Units/ml penicillin/streptomycin (Thermo Fisher Scientific) 

at 37 °C in 5% CO2. The BM stromal cell line HS-5 (ATCC) was cultured in DMEM medium 

(Thermo Fisher Scientific), supplemented with 10% heat-inactivated fetal bovine serum. 

Short-tandem repeat analysis was performed on a regular basis to confirm cell line identity. 

 

Hypoxic culture conditions 

All experiments were performed in hypoxia, unless indicated otherwise. HMCL were 

incubated in a hypoxia chamber (STEMCELL™ technologies, Grenoble, France) filled with a 

gas mixture of 1% O2, 5% CO2 and 94% N2. RPMI-1640 medium was supplemented with 

2 mM HEPES buffer (Thermo Fisher Scientific). 
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Tracer study 

RPMI-8226 cells were cultured for 48 h in normoxia (21 % O2) and hypoxia (1 % O2) in RPMI-

1640 medium, supplemented with 10 mM 13C-glucose. Supernatant was isolated and shipped 

on dry ice to Metabolomics Expertise Center (MEC; VIB-KU Leuven, Belgium) for further 

analysis. Data were normalized to cell numbers. 

 

Compounds  

Syrosingopine and metformin were both purchased from Sigma Aldrich (Merckx Life Science, 

Hoeilaart, Belgium) and AZD3965 from Selleckchem (Munich, Germany). DZD0095 was 

kindly provided by Dizal Pharma (Shanghai, PR China). Syrosingopine, AZD3965 and 

DZD0095 were all dissolved in dimethylsulphoxide (DMSO) at a stock concentration of 

15 mM. Metformin was dissolved in PBS (Gibco) at a stock concentration of 1.87 M.  

 

Reverse Transcription- quantitative PCR (RT-qPCR) 

RNA was isolated by the NucleoSpin® RNA Plus kit (Macherey-Nagel, Filter Service S.A., 

Eupen, Belgium) according to the manufacturer’s instructions. A total of 1 μg RNA was used 

for cDNA synthesis using a cDNA synthesis kit (Thermo Fisher Scientific). The reactions were 

performed in a SWIFT MiniPro Thermal Cycler (Esco LifeSciences, Germany). Quantitative 

real-time PCR (was performed using the SYBR Green dye (Applied Biosystems, Thermo 

Fisher Scientific). The mRNA expression levels were quantified using the QuantStudio 12K 

Flex Real-Time PCR System (Thermo Fisher Scientific) and normalized to the reference 

transcript ACTB. Primer sequences (IDT, Leuven, Belgium): SLC16A1 forward (5’-

CATTGGCATGGGCATCAATTATC-3’) and reverse (5’-GGCTTCCCAGCAACATCTATAC-

3’), SLC16A3 forward (5’-TCTTCGGCTGTTTCGTCATC-3’) and reverse (5’-

CCGATCCCAAACTCCTGTATG-3’).  
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Cell viability and apoptosis assays 

Cells were seeded at 500,000 cells/ml. Viability was determined using the CellTiter-Glo® 

Luminescent cell viability assay (Promega, Madison, WI, USA) and apoptosis was quantified 

using Annexin V-APC/7-AAD (BD Biosciences, Erembodegem, Belgium). Samples were 

analysed using a  FACSCanto flowcytometer (BD Biosciences). 

 

Lactate levels 

50,000 cells were incubated in 100 µl of RPMI-1640 for 3 h in hypoxia. Intracellular lactate 

accumulation was determined using the Lactate-Glo® Assay (Promega). 

 

Western blotting 

Cells were lysed and blotted as previously described [2,26]. We used following antibodies: p-

AMPKα (##2535), AMPKα (##5831), p-mTOR (#5536), mTOR (#2983), p-P70S6K (#9234), 

P70S6K (#2708),  p-S6 (#4858), S6 (#2217), p-4EBP1 (#2855), 4EBP1 (#9644), p-eIF4E 

(#9741), eIF4E (#2067), β-ACTIN (#4967), α-TUBULIN (#2144), horseradish peroxidase-

coupled anti-rabbit (#7074) and anti-mouse (#7076), all purchased from Cell Signaling 

Technology (Leiden, The Netherlands). MCT1 (SC365501) and MCT4 (SC376140) were 

purchased from Santa Cruz Biotechnology (Heidelberg, Germany). Chemiluminescence was 

visualized using the LI-COR Odyssey Fc platform (LI-COR, Bad Homburg, Germany). Pixel 

intensities were determined using ImageJ software (v1.53, https://imagej.nih.gov/ij/, last 

accessed on 10/06/2022) or Image Studio Lite (v5.2, 

https://licor.app.box.com/s/4hrk823vov7vittqjg3onj51tb0wbo6w, last accessed on 

05/09/2022). 

 

Puromycin uptake 

Global protein synthesis was determined using the SUnSET method [27]. Cells were treated 

with 1 µM of puromycin (Cat. Nr. S7417, Selleckchem) 30 min before pellet isolation. Pellets 

https://imagej.nih.gov/ij/
https://licor.app.box.com/s/4hrk823vov7vittqjg3onj51tb0wbo6w
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were used for western blotting. To detect puromycin uptake, we used an anti-puromycin 

antibody (#MABE343, Sigma-Aldrich, Diegem, Belgium). 

 

Metabolic analyses 

After 16 h of treatment, cells were washed twice with Seahorse RPMI assay medium 

(supplemented with 2 mM glutamine, 1 mM pyruvate and 10 mM glucose) and seeded at 

50,000 cells/well in XFe96-well plates (Agilent Technologies, Belgium) that had been 

precoated with Cell-Tak (Corning, Louvain-La-Neuve, Belgium) one day prior to the assay 

and stored at 4 °C. The glycolytic rate assay was performed following the manufacturer’s 

instructions. After real-time measurement of OCR and ECAR, cells were stained with Hoechst 

33342 (16 µM, 30 min incubation in the dark, Sigma-Aldrich)  and cells counted automatically 

using a Cytation1 cell imaging multimode reader (BioTek instruments). Data were normalized 

to cell number. 

 

Cell proliferation assays 

Cells were treated for 20 h, followed by incubation with bromodeoxyuridine (BrdU; 1 mg/ml) 

for 4 h. Cells were then fixed with paraformaldehyde for 10 min at 4 °C and stored overnight 

in PBS containing 0.2 % Tween (Sigma-Aldrich) at room temperature. Cells were washed, 

permeabilized with 250 µl 2 M HCl and stained using anti-BrdU-fluorescein conjugate 

(#1120269001, Sigma-Aldrich). Cells were analysed using a FACSCanto flow cytometer. 

 
 

Primary myeloma samples 

BM samples from patients were obtained from UZ Brussel with the patient’s informed 

consent, conforming to the declaration of Helsinki and with approval of the institutional 

research board (B.U.N. 143201838414). Peripheral blood mononuclear cells were isolated 

using Lymphoprep™ (STEMCELL™ technologies, Grenoble, France) and labelled with 

CD138-Microbeads (Miltenyi Biotec, Gladbach, Germany). The CD138-positive fraction was 

isolated by magnetic activated cell sorting. 
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Syngeneic 5T33MMvv mice and treatment 

C57BL/KalwRij mice were purchased from Envigo Laboratories (Horst, The Netherlands). 

Housing, follow-up and treatment conditions were approved by the Ethical Committee for 

Animal Experiments of the Vrije Universiteit Brussel (License No LA1230281, CEP No 20-

281-6). Mice were transplanted with 0.50 million cells from diseased BM and treated 

intraperitoneally with 7.5 milligram/kilogram (mpk) syrosingopine (in 66 % DMSO, 34 % PBS) 

and 200 mpk metformin (in PBS), 3 times a week. After 18 days, vehicle-treated mice showed 

signs of paralysis and all mice were sacrificed. Total BM was collected and intracellularly 

stained with an in house purified 3H2 anti-idiotype antibody. Cells were analysed using flow 

cytometry.  

 
Statistical analyses 

Statistical analyses were performed using Prism 9 software (GraphPad Inc, San Diego, CA, 

USA). Data are presented as mean ± SD, and either the Mann–Whitney-U or Kruskal–Wallis 

test or the one-way ANOVA test was used. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p 

≤ 0.0001 (****) were used to indicate significance. Synergy scores were calculated using the 

Chou–Talalay method. 

 

Results 

High expression levels of MCT1 and MCT4 in malignant plasma cells are correlated 

with poor survival in Multiple Myeloma 

To evaluate the clinical relevance of MCT1 and MCT4 in MM, we consulted the publicly 

available gene expression profiling data of several MM patient cohorts. Analysis of the 

Mulligan cohort [23] revealed that high expression levels of SLC16A1 (MCT1) (p = 0.0015) 

and of SLC16A3 (MCT4) (p = 0.0079) correlated with significantly lower overall survival of 

MM patients (Figure 1A). Similar associations were observed in the MMRF cohort [25] 

(supplementary material, Figure S1A). Gene expression data from the Total therapy (TT2) 

cohort [21,22] were used to compare MCT mRNA expression in plasma cells from healthy 
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individuals with those in different stages of MM progression (Figure 1B). Compared to high 

levels of SLC16A1 (MCT1) expression in plasma cell samples of MM patients (n=345), lower 

levels were observed in samples from healthy people (n=22), from patients with monoclonal 

gammopathy of undetermined clinical significance (MGUS) (n=44) and smouldering multiple 

myeloma (SMM) (n=12). SLC16A3 (MCT4) was only increased in some MM patients. 

However, in the MMRF cohort [25] SLC16A3 (MCT4) expression was significantly increased 

in samples from relapsed MM patients compared to their matched-newly diagnosed samples 

(supplementary material, Figure S1B). The protein expression of MCT1 and MCT4 was 

further validated in primary BM derived CD138+ cells by western blotting (Figure 1C), where 

MCT1 was detectable in three out of four samples, while only two samples showed low MCT4 

expression.  

 

Lactate production and export are both upregulated in hypoxic MM cells 

Basal expression levels of MCT1 and MCT4 in HMCL were measured at mRNA and protein 

level, using RT-qPCR and western blotting, respectively. Several HMCL originating from 

distinct MM subclasses were tested (MMSET: OPM-2, MMSET/FGFR3: LP-1, cMAF: RPMI-

8226 and JJN-3, IL-6 dependent cell line ANBL-6) (Figure 2A,B) [28]. A heterogeneous MCT4 

expression was noted, with the highest levels in RPMI-8226 cells. MCT1 was more uniformly 

expressed across the tested cell lines, with the lowest level in OPM-2. Based on their 

differential MCT4 expression, RPMI-8226 and LP-1 cells were selected for further in vitro 

experiments. MCT1 and MCT4 expression levels of these lines were tested when cultured in 

normoxic (21% O2) and hypoxic (1% O2) conditions (Figure 2C,D). For MCT1, a significant 

upregulation was observed in both LP-1 and RPMI-8226 cells, while MCT4 was significantly 

upregulated in RPMI-8226 cells. Next, a tracer study was performed in RPMI-8226 cells to 

evaluate 13C-glucose-to-lactate conversion. Conversion was indeed significantly increased 

under hypoxic conditions (Figure 2E). Our data indicate that MM cells faced with hypoxia rely 

more on glycolysis for their ATP generation and adapt by upregulating lactate exporters. 
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Inhibition of MCT1 and MCT4 with syrosingopine reduces proliferation of MM cells. 

Under hypoxic conditions, the RPMI-8226 cells increase their reliance on glycolysis and are 

more dependent on lactate efflux. Therefore, they would be more sensitive to inhibitors of 

lactate efflux, such as syrosingopine. Here, we tested syrosingopine under low-oxygen 

conditions (1%), mimicking the hypoxic BM.  

First, the ability of syrosingopine to inhibit both MCT1 and MCT4 was assessed (Figure 3A). 

LP-1 and RPMI-8226 were treated with either DMSO or increasing concentrations (1-15 µM) 

of syrosingopine. A dose-dependent intracellular increase in lactate was observed after 3 h 

incubation. Next, the anti-tumour effects were evaluated. A decreased relative viability was 

observed for LP-1 cells starting from 5 µM, and for RPMI-8226 starting from 10 µM after 48 h 

of incubation (Figure 3B). Significant increases of apoptotic and necrotic RPMI-8226 and LP-

1 cells occurred at 10 µM syrosingopine (Figure 3C). BrdU incorporation was decreased in a 

dose-dependent manner for both cell lines, suggesting a reduction in cell proliferation (Figure 

3D). These data imply that syrosingopine targets lactate secretion, with an impact on cell 

viability. 

 

Combination treatment of syrosingopine and metformin is cytotoxic for MM cells 

To test whether addition of the antidiabetic compound metformin can augment the activity of 

syrosingopine, HMCLs and primary MM cells from patient samples were treated with a low 

dose of metformin (10 mM) and the effective dose of syrosingopine (10 µM). Both RPMI-8226 

and LP-1 cells were cultured in hypoxia for 48 h and 72 h, respectively. For both HMCLs the 

combination treatment resulted in a significantly reduced relative viability when compared to 

treatment with the single agents or DMSO (Figure 4A). No reduction in cell viability was 

observed for stromal HS-5 cells (supplementary material, Figure S2A). To determine whether 

dual MCT1/4 inhibition is necessary for metformin to sensitize cells to syrosingopine, we used 

two inhibitors which were either specific for MCT1 (AZD3965) or MCT4 (DZD0095). Neither 

the combination with metformin and AZD3965 or DZD0095 resulted in a decreased cell 
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viability of the RPMI-8226 cells (supplementary material, Figure S2B). However, combining 

AZD3965 and DZD0095 with metformin resulted in a significant reduction in MM cell viability 

(supplementary material, Figure S2C). Next, freshly isolated CD138+ cells from six patient 

samples were treated with the combination treatment and evaluated for effects on cell viability 

(Figure 4B). Metformin significantly potentiated the effect of syrosingopine in these samples. 

Additionally, both HMCLs showed a significant increase in cell death compared to the single 

agents and DMSO treated cells (Figure 4C). To determine whether their effect was 

synergistic, the two HMCLs were treated with three different concentrations of each drug and 

analysed using the Chou–Talalay method. This demonstrated that the proposed combination 

was indeed highly synergistic (supplementary material, Figure S2D). Finally, the combination 

treatment was evaluated in the syngeneic 5T33MMvv mouse model (Figure 4D). M-spike 

levels in the blood of diseased mice was used as general indicator for MM. While 

syrosingopine as single agent already lowered M-spike levels in the serum (average 3.7 g/dl), 

only the combination strategy resulted in a significant reduction, compared to vehicle treated 

mice (average 1.9 g/dl compared to 4.9 g/dl) (Figure 4E). Analysis of 3H2 idiotype 

expression, as a measure to identify MM cells in the BM, showed a non-significant reduction 

of 3H2pos 5T33MM cells in the BM of both syrosingopine (19%) and combination treated 

mice (16% versus 25% in vehicle) (Figure 4F). By contrast, effects on MM-induced 

splenomegaly, were more pronounced. We found the most significant effects in the 

combination group (0.13 g versus 0.18 g for syrosingopine and 0.3 g for vehicle), suggesting 

that higher concentrations of the drugs could be reached in the spleen compared to the BM 

(Figure 4G). All together, these data demonstrate that metformin synergizes with 

syrosingopine resulting in reduced cell viability in vitro and tumour burden in vivo. 

 

Metformin and syrosingopine causes metabolic blockage in MM cells 

To evaluate the metabolic status of MM cells treated with these compounds, the oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) were determined as 
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measures for OXPHOS and glycolysis, respectively. The proton efflux rate (PER) comprises 

acidification of OXPHOS and glycolysis. Rotenone/ antimycin A (Rot/AA, 0.5 µM) was used 

as inhibitor of OXPHOS and 2-deoxyglucose (2-DG, 50 mM) as inhibitor of glycolysis. Cells 

were stained with Hoechst to exclude the metabolism of dead cells. Figure 5A shows that 

metformin inhibited OXPHOS in both LP-1 and RPMI-8226 cells. Metformin-treated cells 

showed a more elevated ECAR and PER, indicating an increased compensatory glycolytic 

rate (Figure 5B,C). By contrast, treatment with syrosingopine resulted in lowered ECAR and 

PER, consistent with a diminished glycolytic rate. These data demonstrate that combined 

treatment of MM cells with syrosingopine and metformin successfully inhibits two crucial 

metabolic pathways, namely glycolysis and OXPHOS.  

 

Combination treatment of syrosingopine and metformin results in increased p-AMPKα 

and reduced protein synthesis  

Combined shut-off of glycolysis and OXPHOS by syrosingopine/metformin treatment may 

activate the AMPK pathway leading to mTOR inhibition. In order to investigate whether this 

feedback response takes place, we treated MM cells with 10 µM syrosingopine and 10 mM 

metformin and placed in hypoxia for 16 h (Figure 6A,B). In RPMI-8226 cells the p-AMPKα 

levels were significantly higher following the combination treatment compared to treatment 

with syrosingopine only or DMSO (supplementary material, Figure S3A,B). In LP-1 cells a 

small but non-significant increase was seen. However, p-mTOR levels in the combination 

group were significantly reduced when compared to the other treatments. 

 

The next series of experiments focused on the proteins more downstream of mTOR, and on 

the phosphorylation status of proteins involved in the protein synthesis pathway: S6, P70S6K 

and 4EBP1. Western blotting and pixel intensity analysis revealed a significant decrease in 

phosphorylation levels of p-S6, p-P70S6K and p-4EBP1 for RPMI-8226 cells exposed to the 

syrosingopine/metformin combination. In LP-1 cells p-S6 was reduced (Figure 6A,B, 

supplementary material, Figure S4A,B). Other phospho-proteins in the protein synthesis 
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pathway were also, but non-significantly, reduced in this group. Treatment with the single 

agents did not affect any of the investigated proteins. These data indicate that the combined 

treatment with syrosingopine and metformin results in a reduced protein synthesis upon 

metabolic blockage, which might be regulated via p-AMPKα. To further validate protein 

synthesis inhibition, the SUnSET method was used (Figure 6B). This method is based on the 

incorporation of puromycin in elongating peptides. Detected puromycin by western blotting 

directly correlates with translation activity. Pixel intensity analysis of five independent 

experiments revealed a significant decrease of puromycin uptake in the combination group, 

compared to both single agents and DMSO treated cells (supplementary material, Figure 

S4C).  

 

Discussion 

In this study, we first evaluated the potential of MCT1 and MCT4 as prognostic marker for 

MM, using the Mulligan and MMRF cohorts. MM cells reside in the hypoxic BM environment, 

which triggers an increase in aerobic glycolysis, leading to enhanced MCT levels. Our study 

identified increased expression levels of SLC16A1 and SLC16A3 as marker for poor 

prognosis. This is in analogy with the earlier identification of MCT1 as predictive marker for 

lenalidomide response in MM [13]. We confirmed MCT1 and MCT4 expression on primary 

patient samples. Moreover, we are the first to show that MCT protein expression in HMCLs 

is upregulated under hypoxia. 

 

Next, in vitro studies were performed aiming at targeting both MCTs in hypoxia. Inhibition of 

both transporters with syrosingopine resulted in impaired viability of myeloma cells, while 

targeting only MCT1 with AZD3965 or MCT4 with DZD0095 had no effect on cell viability. 

This finding is in accordance with other studies on solid tumour cells, where it has been 

described that MCT1 can take over the function of MCT4 as a lactate exporter when MCT4 

is absent, illustrating the functional redundancy between these two transporters [14,15,29]. 

However, MCT inhibition alone was insufficient to induce pronounced lethality, therefore the 
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possibility that a combination with metformin would be more potent was tested. The 

combination strategy tested in the present study showed enhanced effects when compared 

to MCT inhibition alone. This is in agreement with the observations of Granja, et al [19]  and 

by extension Benjamin, et al [18].  Here, we showed for the first time that the combination of 

syrosingopine and metformin is cytotoxic for 2 HMCLs, patient-derived myeloma cells and 

significantly reduces the M-protein in MM bearing mice.  

 

Syrosingopine is an FDA-approved drug, already administered as an anti-hypertensive agent. 

Metformin is an anti-diabetic drug, which is routinely administered in clinic. Epidemiological 

studies have demonstrated that its use in diabetic patients with MGUS is associated with a 

reduced risk of progression to MM [30]. Furthermore, its anti-tumour effects in patients are 

currently being investigated in several clinical trials involving both solid and haematological 

cancers (https://clinicaltrials.gov/ct2/show/NCT02978547, 

https://clinicaltrials.gov/ct2/show/NCT04758000, 

https://clinicaltrials.gov/ct2/show/NCT03118128, last accessed on 01/09/2022). Repurposing 

approved drugs could be a safe way to target tumour cell metabolism. 

 

Since cancer cells display a high metabolic plasticity, it is important for anti-cancer strategies 

to ensure that drugs not only efficiently target their main metabolic pathway but also that 

compensatory pathways are blocked [31,32]. Glycolytic and OXPHOS-related genes are both 

upregulated in MM, when compared to MGUS, and this upregulation is associated with a 

more aggressive disease [33]. The study of Benjamin, et al. demonstrated that the 

combination of syrosingopine and metformin lowers the NAD+ levels, required to drive 

glycolysis [18]. Here we show for the first time that syrosingopine as single agent already 

blocks glycolysis in MM cells exposed to hypoxia. Combination treatment is necessary to 

inhibit both glycolysis and OXPHOS, which is highly cytotoxic for MM cells (Figure 6C). 

 

https://clinicaltrials.gov/ct2/show/NCT02978547
https://clinicaltrials.gov/ct2/show/NCT04758000
https://clinicaltrials.gov/ct2/show/NCT03118128
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To determine what could be the link between metabolic inhibition and a block in proliferation 

and survival, we focused on the cellular energy sensor p-AMPKα, which has been shown to 

be upregulated upon an elevated AMP/ATP ratio [34]. This was considered particularly 

relevant since the combination treatment directly lowered the energy status. We could 

demonstrate for the first time that the combination therapy in hypoxia caused elevated p-

AMPKα levels, associated with downstream effects on the protein synthesis pathway. The 

upregulation of p-AMPKα upon energy starvation and its link to reduced protein synthesis 

has already been described in MM and solid tumours [34,35]. Pathway investigation showed 

a decreased phosphorylation status of mTOR, 4EBP1, eIF4E, P70S6K and S6. We and 

others have shown in MM that a decreased phosphorylation status of mTOR, P70, S6 and 

4EBP1 impedes MM progression and induces cell death [36,37]. Moreover, we previously 

described a link between metabolism and protein synthesis in myeloma, since knock-down 

of pyrroline-5-carboxylate reductase 1 (PYCR1) reduced protein synthesis and increased 

sensitivity to the proteasome inhibitor bortezomib [2].  

 

In conclusion, the present study provides novel evidence for the syrosingopine/metformin 

combination to have potential as an effective treatment for MM. Given the high relapse rate 

and frequent development of drug resistance in MM, repurposing syrosingopine and 

metformin could offer a safe and affordable complementary treatment option.  
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Figures 

 

Figure 1. High MCT1 and MCT4 levels correlate with lower overall survival in MM patients. 

(A) Survival curves for MM patients with low (blue line) or high (red line) expression levels of 

SLC16A1 (MCT1) (202236_s_at) or SLC16A3 (MCT4) (202856_s_at) in the Mulligan cohort 

[23], analysed using GenomicScape. (B) SLC16A1 (MCT1) and SLC16A3 (MCT4) expression 

levels through different stages of MM development (BMPC n=22, MGUS n=44, SMM n=12, MM 

n=345) in the TT2 cohort [21,22]. Significance was determined by one-way ANOVA. (C) Protein 

expression levels of MCT1 and MCT4 in CD138+ MM cells from four different patients. Statistical 

significance was indicated as p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***). MCT = 

monocarboxylate transporter, HR = hazard ratio, BMPC = bone marrow plasma cells, GUS = 

monoclonal gammopathy of undetermined significance, MM = multiple myeloma.  
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Figure 2. Lactate metabolism is upregulated in a hypoxic MM cells. (A) Basal RNA 

expression levels of SLC16A1 (MCT1) and SLC16A3 (MCT4) in five MM cell lines, measured 

by RT-qPCR in normoxic conditions (n=3). (B) Basal protein expression levels of MCT1 and 

MCT4 in five MM cell lines, measured by western blotting in normoxic conditions (n=3). (C,D) 

Protein expression levels of MCT1 and MCT4 measured by western blotting after 24 h of hypoxic 

culture (n=4). Pixel intensities for MCT1 and MC4 were normalized using the pixel intensity for β-

Actin. (E) Tracer study measuring the glucose-to-pyruvate and glucose-to-lactate conversion by 

supplementing the RPMI-8226 cells with 13C-glucose, comparing normoxia to hypoxia (n=3). 

Significance was determined using a Kruskal–Wallis test or Mann–Whitney U-test. Statistical 

significance was indicated as p ≤ 0.05 (*).  MCT = monocarboxylate transporter, nor : normoxia, 

hyp = hypoxia.  
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Figure 3. Syrosingopine reduces viability in MM by blocking lactate export. LP-1 and RPMI-

8226 were treated with increasing doses (1–15 µM) of syrosingopine. (A) Intracellular lactate 

concentrations were measured after 3 h of hypoxic culture by LactateGlo (n=3). (B) Viability was 

measured after 48 h of hypoxic culture (n=3). (C) The percentage of apoptotic and necrotic cells 

was measured after 48 h of hypoxic culture by flow cytometry (n=5). (D) BrdU uptake was 

measured after 24 h of hypoxic culture by flow cytometry (n=3). Significance was determined 

using a Mann-Whitney U test. Statistical significance was indicated if p ≤ 0.05 (*).  

 

 

 

 

 

 

 

 



27 
 

 

Figure 4. Metformin enhances sensitivity to syrosingopine in vitro and in vivo. (A) LP-1 

and RPMI-8226 cells were treated with 10 µM syrosingopine and/or 10 mM metformin. Cells 

were cultured in hypoxia and viability was measured after 72 h (LP-1) or 48 h (RPMI-8226) using 

CellTiterGlo (n=5). (B) CD138+ cells derived from MM patients were treated with 10 µM 

syrosingopine and 10 mM metformin. Viability was measured after 24 h using CellTiterGlo (n=6). 

(C) LP-1 and RPMI-8226 cells were treated with 10 µM syrosingopine and 10 mM metformin. 
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Cells were cultured in hypoxia and apoptosis and necrosis was measured after 72 h (LP-1) or 

48 h (RPMI-8226) by flow cytometry (n=5). (D-G) Schematic overview of experimental in vivo set-

up. Syngeneic mice were injected with 0.5 million 5T33MMvv cells and treated with 7.5 mpk 

and/or 200 mpk metformin, 3 times a week. Mice were sacrificed on day 18 and tumour burden 

was analysed based on M-spike in blood serum, presence of idiotype (3H2) in BM derived cells, 

and spleen weight. Significance was determined by one-way ANOVA test. Statistical significance 

was indicated as p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p≤ 0.0001 (****).  Ctrl = control, 

Syro = syrosingopine, Metf = metformin, combo = combination of syrosingopine and metformin. 
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Figure 5. Syrosingopine and metformin induce changes in glycolytic and mitochondrial 

fluxes, respectively, in MM cell lines. (A,B) LP-1 and RPMI-8226 were treated with 10 µM of 

syrosingopine and/or 10 mM metformin for 16 h in hypoxia. Glycolytic and mitochondrial 

bioenergetics were measured and analysed using the Glycolytic Rate Assay through Agilent XFe 

Seahorse technology according to the manufacturer’s instructions. Briefly, baseline oxygen 

consumption rates (OCR) and extracellular acidification rates (ECAR) were measured using the 

default protocol, consisting of three measurements in cycles of 5 min and automatic injection of 

Rotenone/Antimycin A (0.5 µM, after 18 min) and 2-deoxyglucose (50 mM, after 36 min) during 

a period of 70 min. The proton efflux rates (PER) are calculated based on the OCR and ECAR 

measurements. Results are shown as mean ± SD (n=3). Ctrl = control, Syro = syrosingopine, 

Metf = metformin, combo = combination of syrosingopine and metformin, Rot = rotenone, AA = 

antimycin A, 2-DG = 2-deoxyglucose, OCR = oxygen consumption rate, ECAR = extracellular 

acidification rate, PER = proton efflux rate 
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Figure 6. Metformin and syrosingopine reduce MM proliferation through a decrease in 

mTOR-mediated protein synthesis. (A) LP-1 and RPMI-8226 were treated with 10 µM of 

syrosingopine and 10 mM metformin and incubated for 16 h in hypoxic conditions. (A) Western 

blott analysis for proteins related to protein synthesis (n=5). (B) Western blot analysis of 

puromycin uptake (n=5). All experiments were performed in hypoxic conditions. (C) Graphical 
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abstract indicating intracellular effects of syrosingopine/metformin treatment. Created with 

Biorender.com. Ctrl = control, Syro = syrosingopine, Metf = metformin, combo = combination of 

syrosingopine and metformin 
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Figure S1. CoMMpass study reveals SLC16A1 and SLC16A3 as genes linked to poor 
prognosis. 

 
Figure S2. Dual inhibition of MCT1 and MCT4 synergizes with metformin in MM. 

 
Figure S3. Quantification of pixel intensities for mTOR pathway analysis and puromycin 
uptake. 
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