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Abstract: The anti-diabetic drug metformin is currently tested for the treatment of hematological and
solid cancers. Proteasome inhibitors, e.g., Bortezomib, are approved for the treatment of multiple
myeloma and mantle cell lymphoma but are also studied for lung cancer therapy. We here analyzed
the interaction of the two drugs in two cell lines, namely the mantle cell lymphoma Jeko-1 and the
non-small-cell lung cancer (NSCLC) H1299 cells, using proliferation and survival assays, native-gel
analysis for proteasome activity and assembly, and expression analysis of proteasome assembly
factors. Our results demonstrate that metformin treatment induces resistance of cancer cells to the
proteasome inhibitor Bortezomib by impairing the activity and assembly of the 26S proteasome

check for complexes. These effects of metformin on proteasome inhibitor sensitivity in cancer cells are of

updates potential relevance for patients that receive proteasome inhibitor therapy.
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1. Introduction

Metformin is a safe and potent antihyperglycemic drug widely prescribed for the treat-
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ment of type 2 diabetes mellitus [1]. Mechanistically, metformin activates AMP-activated
kinase (AMPK), a key sensor of the energetic state of the cell that switches off energy-
consuming pathways, including mammalian target of rapamycin (mTOR) signaling [2]

via inhibiting the lysosomal proton pump v-ATPase [1,3,4]. At higher doses, metformin
inhibits respiratory chain complex I of mitochondria [5,6]. Besides its antihyperglycemic
potential, metformin treatment reduces the risk of diabetic patients developing cancer and
improves their prognosis upon cancer diagnosis [7-9]. These observations have contributed
to an increasing interest in metformin as a potential antitumorigenic agent. Hence, its
antineoplastic effects are currently studied in several clinical trials, including those on
hematologic and lung tumors (see Supplementary Table S1 for an overview of selected
clinical studies).

Cancer cells rely on the effective turnover of proteins via the ubiquitin-proteasome sys-
tem [10]. Ubiquitinated proteins are degraded by the 26S proteasome, which is composed
of a 20S catalytic core and one or two 195 regulators that bind to the symmetric ends of the
20S particle [11]. The 19S regulator binds, deubiquitinates, and unfolds the substrate so
that it can be channeled into the 20S for degradation. The unfolded protein chain is then hy-
Attribution (CC BY) license (https://  drolyzed by the three active sites of the 20S proteasome into small peptides. These peptides
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of the proteasome with specific proteasome inhibitors blocks cellular proliferation and
induces apoptosis, thus effectively reducing cancer growth and tumor spread [13,14]. The
proteasome inhibitor Bortezomib (Velcade®) received first approval by the US Food and
Drug Administration (FDA) in 2003 as a single agent for the treatment of patients with
relapsed or refractory multiple myeloma [15]. To date, three different catalytic proteasome
inhibitors are approved as a first-line treatment option for patients with newly diagnosed
multiple myeloma (MM) or mantle cell lymphoma (MCL) [16]. Proteasome inhibitors are
also tested as treatment options for solid cancers such as lung cancer (Available online:
https:/ /www.clinicaltrial.gov, accessed 13 May 2022 and Supplementary Table S1).

We previously demonstrated that high doses of metformin conferred increased re-
sistance toward the proteasome inhibitor Bortezomib in primary mouse fibroblasts [17].
Here, we demonstrate that metformin also confers increased resistance to Bortezomib
in cancer cells. These findings might have important therapeutic implications for pa-
tients with multiple myeloma or mantle cell lymphoma that receive proteasome inhibitor
and metformin co-treatment as currently tested in clinical trials (Available online: https:
//www.clinicaltrial.gov, accessed 13 May 2022 and Supplementary Table S1).

2. Materials and Methods
2.1. Cell Culture and Treatments

Jeko-1 (ATCC-Nr. CRL-3006) and H1299 (ATCC-Nr.CRL-5803) cancer cells were
cultured using RPMI-1640 medium supplemented with 10% fetal bovine serum (F0804,
Sigma Aldrich, Taufkirchen, Germany) and 100 U/mL penicillin/streptomycin (Thermo
Fisher Scientific, Bremen, Germany). For treatments, cells were plated onto 6-/24- or 96-
well plates (depending on the respective analysis method) and incubated overnight. The
attached cells were then washed with PBS, and the culture medium was changed to the
treatment medium as indicated in the figures and respective legends. For Jeko-1 suspension
cells, the washing step with PBS was omitted, and the treatment medium was directly
added to the cells. The total duration of metformin treatment was 72 h. Sensitivity of the
different cell lines toward bortezomib was assessed upon treatment of cells for 24 h with
different doses of bortezomib on the day following plating without medium exchange.
Bortezomib treatments in combination with metformin pre-treatment were performed by
addition of bortezomib following 24 or 48 h of pre-treatment. The duration of bortezomib
treatment was 24 or 48 h, depending on the cell line. Bortezomib doses used for the
respective experiments are indicated in the figure legends.

2.2. Cell Proliferation Assay

Cellular proliferation rates (doublings per day) were assessed as published by Sullivan
et al. [18] using the following formula:

Proliferation rate (doublings per day) = log, (Final cell count (day 4)/Initial cell count (day 0))/4 (days)

2.3. MTT Metabolic Activity Assay

Cell viability was assessed by measurement of metabolic activity using the 2,5-
diphenyltetrazolium bromide (MTT) assay according to manufacturers’ instructions (Sigma
Aldrich, Taufkirchen, Germany). Cells were seeded into round-bottom 96-well plates using
a normal cell culture medium and incubated overnight. The next day, the medium was
changed to the respective treatment or control medium as indicated in the figure legends.
Bortezomib was added after 24 or 48 h of pre-treatment. Following 72 h of total treatment
time, freshly prepared thiazol blue tetrazolium bromide solution (5 mg/mL PBS) and cells
were incubated at 37 °C for one hour before MTT absorbance measurement at 570 nm using
a Sunrise plate reader (Tecan, Life Sciences, Mdnnedorf, Schitzerland).

2.4. Live/Dead Assay Using Annexin V/PI

Apoptosis or necrosis of the cells was assessed by staining cells with an Annexin V
antibody and propidium iodide (PI). The attached cells were seeded into 6-well plates and
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incubated overnight. After washing cells with PBS the next day, the medium was exchanged
for treatment or control medium. Bortezomib was added as indicated. Following treatment,
cells were washed with PBS and harvested by trypsinization and resuspension in the
medium. Suspension cells were seeded into 6-well plates and incubated overnight. The
next day, treatment or control medium were added to the cells. Following treatment, cells
were harvested, washed twice with PBS, and resuspended in Annexin V binding buffer
(10 mM HEPES, 150 mM Na(l, 2.5 mM CaCl,, pH 7.4). Then, 5 uL Anti-Annexin V FITC
(BD Biosciences, Heidelberg, Germany) and 10 uL of PI staining solution (BD Biosciences,
San Jose, CA, USA) were added to the cells for 15 min at room temperature in the dark
before the addition of Annexin V binding buffer. Samples were kept on ice and measured
by flow cytometry using Becton Dickinson LSRII (Becton Dickinson, Heidelberg, Germany)
and analyzed using Flow]o software (Version 10, Becton Dickinson, Heidelberg, Germany).

2.5. Protein Extraction

Extraction of protein under preservation of their native structure was performed using
TSDG lysis buffer (10 mM Tris/HCI, 10 mM NacCl, 1.1 mM MgCl,, 0.1 mM EDTA, 1 mM
DTT, 1 mM NaNg3, 10% (v/v) glycerol, pH 7.0). TSDG lysis was performed by resuspending
cell pellets in 40-200 uL (depending on the pellet size) of TSDG lysis buffer supplemented
with 1x cOmplete® protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) and
1x PhosSTOP (Roche Diagnostics). Cell debris was removed by 20 min of centrifugation at
14, 000 rpm at 4 °C. The supernatant containing the protein lysate was collected.

2.6. Bicinchoninic Acid Assay—BCA Assay

Protein concentrations of extracted lysates were determined directly after lysis using
the Pierce BCA protein assay kit according to the manufacturer’s instructions (Thermo
Fisher Scientific, Bremen, Germany), and absorbance was measured at a wavelength of
562 nm using the Sunrise Plate Reader (Tecan, Life Sciences, Mannedorf, Schitzerland).

2.7. Western Blot Analysis

Western blot analysis was performed as previously described [17] using native TSDG
extracts and the antibodies summarized in Table 1. Quantification of the detected bands
was performed using ImageLab software (Biorad, Hercules, CA, USA). Full Western blot
and quantification data are summarized in Supplementary Figure S1.

Table 1. Antibodies used in this study.

Antigen Dilution Product No (Manufacturer)

P28 (PSMD10) 1:1000 ab182576 (Abcam, Cambridge, UK)
NBP1-46191 (Novus Biologicals,

Rpn6 (PSMD11) 1:1000 Biotechne, Wiesbaden, Germany)
S5b (PSMD5) 1:1000 ab137733 (Abcam, Cambridge, UK)
Alpha 1-7 (MCP231) 1:1000 ADb22674 (Abcam, Cambridge, UK)
Phospho-56 kinase (Ser371) 1:1000 9208 (Cell signaling, Danvers, MA, USA)
S6 kinase 1:1000 2708 (Cell Signaling, Danvers, MA, USA)
HRP conjugated anti-mouse IgG 1:40,000 7076 (Cell signaling, Danvers, MA, USA)
HRP conjugated anti-mouse IgG 1:40,000 7074 (Cell signaling, Danvers, MA, USA)

2.8. Native PAGE Proteasome Analysis

Native gel analysis was performed according to our previously published protocol
using native TSDG protein extracts and precast 3-8% gradient NuPAGE Novex Tris-acetate
gels (Life Technologies, Olber-Olm, Germany) [19]. For in-gel activity assay, native gels
were incubated for 30 min in reaction buffer containing 50 mM Tris, 1 mM ATP, 10 mM
MgCl,, 1 mM DTT, and 0.05 mM Suc-LLVY-AMC (for analysis of the chymotrypsin-like
activity of the proteasome). Before blotting, gels were incubated for 15 min in solubilization
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buffer, then blotted onto a PVDF membrane using standard Western blot techniques as
previously described [19].

2.9. Statistical Analysis

Data are shown as mean + SEM. Statistical analysis was performed using Graph Pad
Prism software (Version 9, San Diego, CA, USA). Applied tests for statistical analysis are
indicated in each figure legend. Statistical analysis of MTT assays comparing viability
of metformin pre-treated to non-pre-treated cancer cells upon bortezomib exposure was
performed using 2-way ANOVA with Bonferroni multiple comparisons test. One-way
ANOVA was used to determine the statistical significance of quantified Annexin V/PI
stainings. Student’s one-sample t-test was used to determine significant differences in
protein expression and proteasome complex levels, as determined by Western blot and
native gel analysis, of metformin treated compared to control cells. Significance is indicated
in the figures as * p < 0.05; ** p < 0.01; ** p < 0.001.

3. Results

We here analyzed the effect of metformin on proteasome inhibitor sensitivity in human
cancer cells. Specifically, we analyzed two distinct tumor cell lines, i.e., the mantle cell
lymphoma cell line Jeko-1 and H1299 cells, that are derived from solid NSCLC tumors.

3.1. Metformin Increases Resistance towards the Proteasome Inhibitor Bortezomib

We first confirmed the antiproliferative effects of metformin in the two cancer cell lines.
The proliferation rate of both Jeko-1 and H1299 cells was clearly reduced by treatment with
10 mM metformin for 72 h (Figure 1a). Next, we tested whether metformin treatment affects
cell viability in response to proteasome inhibitor treatment. For that, cells were pre-treated
with or without metformin for 48 h, exposed to increasing doses of Bortezomib (5-50 nM for
Jeko-1 cells; 5-100 nM for H1299 cells) for 24 or 48 h, and cell viability was determined via
MTT assays. We noticed that Jeko-1 cells were more sensitive toward Bortezomib-induced
cell death compared to H1299 cells and therefore adjusted Bortezomib treatment time to
24 h. Of note, metformin reduced the sensitivity of both Jeko-1 and H1299 cells towards
Bortezomib treatment and conferred resistance towards proteasome inhibition (Figure 1b).
While Bortezomib reduced cell viability by about 80% in the mantle cell lymphoma cell line
Jeko-1 at a dose of 35 nM, metformin pre-treated cells maintained 65% of cell survival even
at the maximal dose of 50 nM Bortezomib. This effect was even more pronounced in the
lung cancer cell line H1299 with a 90% reduction in cell survival with 25 nM Bortezomib
but about 60% survival even at the highest dose of 100 nM Bortezomib without metformin
pre-treatment. We confirmed this finding by quantifying cell death using flow-cytometry-
based annexin V detection. Pre-treating Jeko-1 cells with metformin completely abrogated
the induction of apoptosis induced by 20 nM Bortezomib and strongly reduced necrotic
cell death (Figure 1c). Metformin similarly increased the resistance to Bortezomib-induced
apoptotic cell death in H1299 cells (Figure 1d).
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Figure 1. Metformin reduces cancer cell proliferation but increases resistance toward proteasome
inhibition. (a) Proliferation rates of Jeko-1 and H1299 cells treated with 10 mM metformin for 72 h.
Proliferation rates were determined as described in the methods section. Bar graphs show mean + SEM
(n = 3 independent experiments per cell line). Significance was determined using Student’s paired t-test.
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(b) MTT metabolic activity assays for the assessment of cellular viability of Jeko-1 and H1299 cells
pre-treated with either control or 10 mM metformin medium for 48 h (Jeko-1) or 24 h (H1299),
followed by 24-hour (Jeko-1) or 48-hour (H1299) treatment with increasing doses of bortezomib. All
values were normalized to the 0 nM bortezomib value of the specific cell line and treatment group
and are displayed as mean +/— SEM. Significance was determined using two-way ANOVA with
Bonferroni multiple comparison test. (c) Representative flow cytometry analysis and quantification
of Annexin V/PI stained Jeko-1 cells pre-treated with 10 mM metformin for 48 h, followed by 20 nM
bortezomib treatment for 24 h. (d) Representative flow cytometry analysis and quantification of
Annexin V/PI stained H1299 cells pre-treated with 10 mM metformin for 24 h, followed by 75 nM
bortezomib treatment for 48 h. (c,d) Quantifications show percentages of healthy (Annexin V= /PI7),
early (Annexin V*/PI™), or late apoptotic (Annexin V*/PI*), and necrotic (Annexin V~ /PI*) cells.
Bar graphs show mean + SEM (n = 3 independent experiments). Significance was determined using
one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Metformin Impairs Assembly and Activity of 26S Proteasomes in Cancer Cells

We next investigated the mechanism that may cause metformin-induced Bortezomib
resistance. Based on our previous study, where we had demonstrated that metformin-
induced metabolic remodeling impairs assembly and activity of 265 proteasome complexes
by transcriptional regulation of assembly factors [17], we here analyzed 26S proteasome
assembly in detail. The activity and amounts of different proteasome complexes were
analyzed in native cell lysates by native gel electrophoresis followed by chymotrypsin-like
(CT-L) substrate overlay assay and immunoblotting for 20S «1-7 subunits [19]. Metformin
treatment of both Jeko-1 and H1299 cell lines significantly reduced the activity of singly
capped 265 and doubly capped 30S complexes. In Jeko-1 cells, 20S activity was increased
(Figure 2a). Immunoblotting of the native gels for 20S subunits revealed diminished
amounts of 265 and 30S complexes in metformin-treated cells, while the amount of the 20S
complexes was increased (Figure 2a). This indicates either disassembly of 26S complexes or
impaired assembly of preexisting 20S with 195 regulators. To further investigate potential
defects in the assembly of the 265 proteasome upon metformin treatment, we analyzed the
expression of several 26S proteasome assembly factors, such as Rpn6, p28, and S5b, as well
as components of the 20S proteasome by Western blotting. Of note, metformin treatment
upregulated expression of only S5b in Jeko-1 cells, while the assembly chaperone p28 was
significantly downregulated in H1299 cells (Figure 2b). Rpn6 expression was not altered.
While S5b functions as an inhibitor, p28 acts as a chaperone of 26S proteasome assem-
bly [20,21]. Accordingly, these data indicate that metformin treatment impairs the assembly
of 265 proteasome complexes in Jeko-1 and H1299 cancer cells by differentially regulating
assembly factors. Of note, expression data for Jeko-1 and H1299 cell lines obtained from
publicly available GEO data sets indicate differential expression of proteasome assem-
bly factors at baseline, with S5b being significantly lower expressed in Jeko-1 compared
to H1299 cells (data not shown), which may add to the differential metformin-induced
regulation of S5b and p28 in the two cell lines. We also analyzed the activation of the
p70 ribosomal S6 kinase, a key enzyme involved in the activation of protein synthesis via
the mTOR pathway [22], as we had previously observed that metabolic regulation of 265
activity involved specific regulation of proteasome assembly factors via the mTORC1 path-
way [17]. While Jeko-1 cells did not show altered p70 S6 kinase activation, both, expression
of the total and phosphorylated forms of p70 S6 kinase, were significantly reduced in H1299
cells (Figure 2b). These results further add to the notion that the two cancer cell lines of
hematopoietic (Jeko-1) versus lung cell origin (H1299) use different mechanisms to regulate
265 proteasome activity upon metformin treatment.
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Figure 2. Metformin treatment leads to downregulation of 30S and 26S proteasome assembly. (a) Rep-
resentative in-gel chymotrypsin-like substrate activity assay of native cell lysates from Jeko-1 and
H1299 cells treated with 10 mM metformin for 72 h (left panels) followed by immunostaining of
20S alpha 1-7 subunits of blotted native gels (right panel). Quantification of 30S, 26S, and 20S is
presented as mean + SEM relative to the untreated control. Significance was determined using
Student’s one-sample t-test. (b) Representative Western blot analysis of 265 assembly factors (S5b,
P28, and Rpn6) and 20S (alpha 1-7 subunit) as well as of phosphorylated and total p70 S6 kinase (S6k)
expression in Jeko-1 and H1299 cells treated with 10 mM metformin for 72 h. Beta-actin was used as
loading control. Bar graphs of densitometric analysis show mean + SEM relative to the untreated
control. Significance was determined using Student’s one-sample t-test. * p < 0.05; ** p < 0.01.

4. Discussion

We here observe increased resistance of metformin-treated tumor cells toward Borte-
zomib. It is important to note that we applied suprapharmacological doses of metformin
which are well known to block respiratory complex I activity [6]. According to our previous
findings on reduced proteasome inhibitor sensitivity in complex I mutant respiration-
deficient cells [17], the inhibitory effect of metformin on mitochondrial respiratory chain
function seems crucial for increasing the resistance toward proteasome inhibitors. This
reduced sensitivity towards proteasome inhibitor treatment might provide an explana-
tion for the previously reported observation that metformin has protective effects on
proteasome-inhibitor-induced cardio- and vascular toxicity in mice [23-25]. In contrast
to our study, other reports demonstrated additive cytotoxic effects of metformin and pro-
teasome inhibitors on multiple myeloma (MM) cells [26,27]. In these studies, metformin
suppressed proteasome-inhibitor-induced autophagy and promoted apoptotic cell death.
It is well feasible that the different doses and cell types used in these studies account for
the different results.

Our mechanistic data suggest that metformin treatment impairs the assembly of 265
proteasome complexes in Jeko-1 and H1299 cancer cells, possibly by differentially regulating
assembly factors. While p27, p28, and S5b act as regulatory particle assembly chaperones,
so-called RACs [28], Rpn6 has been described as a rate-limiting subunit of the 26S protea-
some, which regulates assembly of the 265 complex either by its expression level [13,14]
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or its phosphorylation status [15]. Our findings are fully in line with our previous find-
ings, where we observed transcriptional regulation of assembly factors upon respiratory
complex I inhibition [17]. The only minor regulation of single assembly factors in Jeko-1 and
H1299 cells, however, suggests that additional—currently unknown—factors might be in-
volved in hindering the assembly of 26S proteasome complexes upon metformin treatment
in cancer cells. When analyzing cBioPortal (available online: http://www.cbioportal.org,
accessed on 23 May 2022) for the mutational status of the assembly factors in Jeko-1 and
H1299 cells, we noticed that Jeko-1 cells contain an amplification of the S5b-encoding gene
PSMDS5 while H1299 cells have a deletion of Rpn6 (PSMD11). Mutations in assembly
factors were detected in 11% of all the 1806 cancer cell lines in this database, suggesting
an additional and currently unrecognized genetic regulation of 26S proteasome assembly
in cancer cells. Along this line, it is worth mentioning that we were unable to reverse
the increased metformin-induced resistance to proteasome inhibition by supplementation
with the alternative electron acceptor pyruvate (data not shown). Pyruvate or aspartate-
mediated restoration of 26S proteasome assembly was demonstrated by us previously in
primary cells and was related to mTORC1-mediated activation of 26S assembly factors [17].
This thus indicates that cancer cells have adopted complex metabolic changes compared
to primary cells, which influence 26S proteasome function and inhibitor resistance, as
also suggested by Peter Tsvetkov’s work [29,30]. In accordance with our data shown here,
previous studies reported resistance to proteasome inhibition due to reduced expression of
19S subunits, which resulted in defective 265 proteasome assembly and activity [31-33].

Taken together, treatment of hematologic or solid cancers with metformin might favor
resistance to proteasome inhibitor co-treatment. High concentrations of metformin might be
obtained locally in tumor cells due to increased expression of metformin importing organic
cation transporters (OCTs) by cancer cells resulting in the local accumulation of metformin
even at low plasma concentrations [34,35]. Accordingly, the here described effects of
metformin on proteasome inhibitor sensitivity in cancer cells are of potential relevance
for patients that receive proteasome inhibitor therapy. Therefore, although metformin
seemingly has numerous beneficial effects in both diabetic and/or cancer patients, a more
profound study of its impact on the effectiveness of proteasome-inhibitor-based treatments
in cancer is of high clinical interest.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom12060756/s1, Figure S1: Original Western blots and densito-
metric analysis thereof. Table S1: Overview of the clinical trials involving metformin and proteasome
inhibitors (taken from clinicaltrials.gov, 13 May 2022).

Author Contributions: Conceptualization: C.S., TM. and S.M.; writing—original draft prepara-
tion: C.S. and S.M.; writing—review and editing: C.S. and S.M.; formal analysis: C.S. and T.M.;
methodology: C.S. and T.M.; data analysis: C.S., TM. and G.S.; visualization: C.S. and G.S.; supervi-
sion: S.M.; funding acquisition: S.M. All authors have read and agreed to the published version of
the manuscript.

Funding: Camille Schlesser received an MD fellowship from the medical faculty of the LUDWIG-
MAXIMILIANS-UNIVERSITY MUNICH. Research was funded intramurally by the HELMOLTZ
CENTER MUNICH.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Mantle cell lymphoma cell lines were kindly provided by Elisabeth Silkenstedt,
ELLF (Experimentelle Leukdmie und Lymphom Forschung), Ludwig Maximilians University Munich.

Conflicts of Interest: The authors declare to have no conflict of interest.


http://www.cbioportal.org
https://www.mdpi.com/article/10.3390/biom12060756/s1
https://www.mdpi.com/article/10.3390/biom12060756/s1

Biomolecules 2022, 12, 756 90of 10

References

1.  Foretz, M.; Guigas, B.; Bertrand, L.; Pollak, M.; Viollet, B. Metformin: From Mechanisms of Action to Therapies. Cell Metab. 2014,
20, 953-966. [CrossRef]

2. Garcia, D.; Shaw, R.J. AMPK: Mechanisms of Cellular Energy Sensing and Restoration of Metabolic Balance. Mol. Cell 2017, 66,
789-800. [CrossRef]

3. Howell, ].].; Hellberg, K; Turner, M.; Talbott, G.; Kolar, M.].; Ross, D.S.; Hoxhaj, G.; Saghatelian, A.; Shaw, R.J.; Manning, B.D.
Metformin Inhibits Hepatic MTORCI1 Signaling via Dose-Dependent Mechanisms Involving AMPK and the TSC Complex.
Cell Metab. 2017, 25, 463-471. [CrossRef]

4. Ma, T; Tian, X.; Zhang, B.; Li, M.; Wang, Y.; Yang, C.; Wu, J.; Wei, X.; Qu, Q.; Yu, Y,; et al. Low-Dose Metformin Targets the
Lysosomal AMPK Pathway through PEN2. Nature 2022, 603, 159-165. [CrossRef]

5. El-Mir, M.-Y.; Nogueira, V.; Fontaine, E.; Avéret, N.; Rigoulet, M.; Leverve, X. Dimethylbiguanide Inhibits Cell Respiration via an
Indirect Effect Targeted on the Respiratory Chain Complex I. J. Biol. Chem. 2000, 275, 223-228. [CrossRef]

6. He, L.; Wondisford, FE. Metformin Action: Concentrations Matter. Cell Metab. 2015, 21, 159-162. [CrossRef]

7. Chen, N,; Zhou, Y.-S.; Wang, L.-C.; Huang, J.-B. Advances in Metformin-based Metabolic Therapy for Non-small Cell Lung
Cancer (Review). Oncol. Rep. 2022, 47, 55. [CrossRef]

8. Mallik, R.; Chowdhury, T.A. Metformin in Cancer. Diabetes Res. Clin. Pract. 2018, 143, 409-419. [CrossRef]

9.  Ragbourne, S.C.; Maghsoodi, N.; Streetly, M.; Crook, M.A. The Association between Metabolic Syndrome and Multiple Myeloma.
Acta Haematol. 2021, 144, 24-33. [CrossRef]

10. Adams, J. The Proteasome: A Suitable Antineoplastic Target. Nat. Rev. Cancer 2004, 4, 349-360. [CrossRef]

11. Wang, X.; Meul, T.; Meiners, S. Exploring the Proteasome System: A Novel Concept of Proteasome Inhibition and Regulation.
Pharmacol. Ther. 2020, 211, 107526. [CrossRef]

12.  Suraweera, A.; Miinch, C.; Hanssum, A.; Bertolotti, A. Failure of Amino Acid Homeostasis Causes Cell Death Following
Proteasome Inhibition. Mol. Cell 2012, 48, 242-253. [CrossRef]

13. Adams, J.; Palombella, VJ.; Sausville, E.A.; Johnson, J.; Destree, A.; Lazarus, D.D.; Maas, J.; Pien, C.S.; Prakash, S.; Elliott, P.J.
Proteasome Inhibitors: A Novel Class of Potent and Effective Antitumor Agents. Cancer Res. 1999, 59, 2615-2622.

14. Kisselev, A.E; Goldberg, A L. Proteasome Inhibitors: From Research Tools to Drug Candidates. Chem. Biol. 2001, 8, 739-758.
[CrossRef]

15. Schlafer, D.; Shah, K.S.; Panjic, E.H.; Lonial, S. Safety of Proteasome Inhibitors for Treatment of Multiple Myeloma. Expert Opin.
Drug Saf. 2016, 16, 1-17. [CrossRef]

16. Manasanch, E.E.; Orlowski, R.Z. Proteasome Inhibitors in Cancer Therapy. Nat. Rev. Clin. Oncol. 2017, 14, 417-433. [CrossRef]

17.  Meul, T,; Berschneider, K.; Schmitt, S.; Mayr, C.H.; Mattner, L.F; Schiller, H.B.; Yazgili, A.S.; Wang, X.; Lukas, C.; Schlesser, C.; et al.
Mitochondrial Regulation of the 26S Proteasome. Cell Rep. 2020, 32, 108059. [CrossRef]

18.  Sullivan, L.B.; Gui, D.Y.; Hosios, A.M.; Bush, L.N.; Freinkman, E.; Vander Heiden, M.G. Supporting Aspartate Biosynthesis Is an
Essential Function of Respiration in Proliferating Cells. Cell 2015, 162, 552-563. [CrossRef]

19. Yazgili, A.S.; Meul, T.; Welk, V.; Semren, N.; Kammerl, L.E.; Meiners, S. In-Gel Proteasome Assay to Determine the Activity,
Amount, and Composition of Proteasome Complexes from Mammalian Cells or Tissues. STAR Protoc. 2021, 2, 100526. [CrossRef]

20. Kaneko, T.; Hamazaki, J.; Iemura, S.I.; Sasaki, K.; Furuyama, K.; Natsume, T.; Tanaka, K.; Murata, S. Assembly Pathway of the
Mammalian Proteasome Base Subcomplex Is Mediated by Multiple Specific Chaperones. Cell 2009, 137, 914-925. [CrossRef]

21. Shim, SM.; Lee, W].; Kim, Y.; Chang, ].W.; Song, S.; Jung, Y.K. Role of S5b/PSMD?5 in Proteasome Inhibition Caused by
TNF-/NFkB in Higher Eukaryotes. Cell Rep. 2012, 2, 603-615. [CrossRef]

22. Saxton, R.A.; Sabatini, D.M. MTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960-976. [CrossRef]

23. Efentakis, P.; Kremastiotis, G.; Varela, A.; Nikolaou, P.-E.; Papanagnou, E.-D.; Davos, C.H.; Tsoumani, M.; Agrogiannis, G.;
Konstantinidou, A.; Kastritis, E.; et al. Molecular Mechanisms of Carfilzomib-Induced Cardiotoxicity in Mice and the Emerging
Cardioprotective Role of Metformin. Blood 2019, 133, 710-723. [CrossRef]

24. Efentakis, P.; Doerschmann, H.; Witzler, C.; Siemer, S.; Nikolaou, P.-E.; Kastritis, E.; Stauber, R.; Dimopoulos, M.A.; Wenzel, P;
Andreadou, I; et al. Investigating the Vascular Toxicity Outcomes of the Irreversible Proteasome Inhibitor Carfilzomib. Int. ]. Mol.
Sci. 2020, 21, 5185. [CrossRef]

25. Efentakis, P.; Psarakou, G.; Varela, A.; Papanagnou, E.D.; Chatzistefanou, M.; Nikolaou, P.-E.; Davos, C.H.; Gavriatopoulou,
M.; Trougakos, LP.; Dimopoulos, M. A ; et al. Elucidating Carfilzomib’s Induced Cardiotoxicity in an In Vivo Model of Aging:
Prophylactic Potential of Metformin. Int. . Mol. Sci. 2021, 22, 10956. [CrossRef]

26. Abdel Malek, M.A'Y,; Jagannathan, S.; Malek, E.; Sayed, D.M.; Elgammal, S.A.; Abd El-Azeem, H.G.; Thabet, N.M.; Driscoll,
J.J. Molecular Chaperone GRP78 Enhances Aggresome Delivery to Autophagosomes to Promote Drug Resistance in Multiple
Myeloma. Oncotarget 2015, 6, 3098-3110. [CrossRef]

27. Jagannathan, S.; Abdel-Malek, M.A.Y.; Malek, E.; Vad, N.; Latif, T.; Anderson, K.C.; Driscoll, ].J]. Pharmacologic Screens Reveal
Metformin That Suppresses GRP78-Dependent Autophagy to Enhance the Anti-Myeloma Effect of Bortezomib. Leukemia 2015, 29,
2184-2191. [CrossRef]

28. Rousseau, A.; Bertolotti, A. Regulation of Proteasome Assembly and Activity in Health and Disease. Nat. Rev. Mol. Cell Biol. 2018,

19, 697-712. [CrossRef]


http://doi.org/10.1016/j.cmet.2014.09.018
http://doi.org/10.1016/j.molcel.2017.05.032
http://doi.org/10.1016/j.cmet.2016.12.009
http://doi.org/10.1038/s41586-022-04431-8
http://doi.org/10.1074/jbc.275.1.223
http://doi.org/10.1016/j.cmet.2015.01.003
http://doi.org/10.3892/or.2022.8266
http://doi.org/10.1016/j.diabres.2018.05.023
http://doi.org/10.1159/000505992
http://doi.org/10.1038/nrc1361
http://doi.org/10.1016/j.pharmthera.2020.107526
http://doi.org/10.1016/j.molcel.2012.08.003
http://doi.org/10.1016/S1074-5521(01)00056-4
http://doi.org/10.1080/14740338.2017.1259310
http://doi.org/10.1038/nrclinonc.2016.206
http://doi.org/10.1016/j.celrep.2020.108059
http://doi.org/10.1016/j.cell.2015.07.017
http://doi.org/10.1016/j.xpro.2021.100526
http://doi.org/10.1016/j.cell.2009.05.008
http://doi.org/10.1016/j.celrep.2012.07.013
http://doi.org/10.1016/j.cell.2017.02.004
http://doi.org/10.1182/blood-2018-06-858415
http://doi.org/10.3390/ijms21155185
http://doi.org/10.3390/ijms222010956
http://doi.org/10.18632/oncotarget.3075
http://doi.org/10.1038/leu.2015.157
http://doi.org/10.1038/s41580-018-0040-z

Biomolecules 2022, 12, 756 10 of 10

29.

30.

31.

32.

33.

34.

35.

Tsvetkov, P; Adler, J.; Myers, N.; Biran, A.; Reuven, N.; Shaul, Y. Oncogenic Addiction to High 26S Proteasome Level. Cell Death
Dis. 2018, 9, 1-14. [CrossRef]

Tsvetkov, P.; Detappe, A.; Cai, K;; Keys, H.R,; Brune, Z.; Ying, W.; Thiru, P; Reidy, M.; Kugener, G.; Rossen, J.; et al. Mitochondrial
Metabolism Promotes Adaptation to Proteotoxic Stress. Nat. Chem. Biol. 2019, 15, 681-689. [CrossRef]

Acosta-Alvear, D.; Cho, M.Y,; Wild, T.; Buchholz, TJ.; Lerner, A.G.; Simakova, O.; Hahn, J.; Korde, N.; Landgren, O.; Maric, I; et al.
Paradoxical Resistance of Multiple Myeloma to Proteasome Inhibitors by Decreased Levels of 19S Proteasomal Subunits. eLife
2015, 4, e08153. [CrossRef]

Tsvetkov, P; Mendillo, M.L.; Zhao, J.; Carette, ].E.; Merrill, PH.; Cikes, D.; Varadarajan, M.; van Diemen, ER.; Penninger, ].M.;
Goldberg, A.L.; et al. Compromising the 19S Proteasome Complex Protects Cells from Reduced Flux through the Proteasome.
eLife 2015, 4, 1-22. [CrossRef]

Tsvetkov, P; Sokol, E.; Jin, D.; Brune, Z.; Thiru, P.; Ghandi, M.; Garraway, L.A.; Gupta, P.B.; Santagata, S.; Whitesell, L.; et al.
Suppression of 19S Proteasome Subunits Marks Emergence of an Altered Cell State in Diverse Cancers. Proc. Natl. Acad. Sci. USA
2016, 114, 201619067. [CrossRef]

Wheaton, W.W.; Weinberg, S.E.; Hamanaka, R.B.; Soberanes, S.; Sullivan, L.B.; Anso, E.; Glasauer, A.; Dufour, E.; Mutlu, G.M,;
Budigner, G.S.; et al. Metformin Inhibits Mitochondrial Complex I of Cancer Cells to Reduce Tumorigenesis. eLife 2014, 3, e02242.
[CrossRef]

Chandel, N.S.; Avizonis, D.; Reczek, C.R.; Weinberg, S.E.; Menz, S.; Neuhaus, R.; Christian, S.; Haegebarth, A.; Algire, C.; Pollak,
M. Are Metformin Doses Used in Murine Cancer Models Clinically Relevant? Cell Metab. 2016, 23, 569-570. [CrossRef]


http://doi.org/10.1038/s41419-018-0806-4
http://doi.org/10.1038/s41589-019-0291-9
http://doi.org/10.7554/eLife.08153
http://doi.org/10.7554/eLife.08467
http://doi.org/10.1073/pnas.1619067114
http://doi.org/10.7554/eLife.02242
http://doi.org/10.1016/j.cmet.2016.03.010

	Introduction 
	Materials and Methods 
	Cell Culture and Treatments 
	Cell Proliferation Assay 
	MTT Metabolic Activity Assay 
	Live/Dead Assay Using Annexin V/PI 
	Protein Extraction 
	Bicinchoninic Acid Assay—BCA Assay 
	Western Blot Analysis 
	Native PAGE Proteasome Analysis 
	Statistical Analysis 

	Results 
	Metformin Increases Resistance towards the Proteasome Inhibitor Bortezomib 
	Metformin Impairs Assembly and Activity of 26S Proteasomes in Cancer Cells 

	Discussion 
	References

